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Ordered Inverse Micellar Phases of Lipids: Structures and
Transition Kinetics
Abstract: Non-bilayer phases are thought to be of considerable biological relevance.
Whenever there is a topological change in the membrane, corresponding to events such
as membrane fusion, non-bilayer structures are assumed to be adopted locally. Several
complex three-dimensional lyotropic liquid crystal phases are already known, such as the
bicontinuous cubic phases, but for many years only a single example was found - a cubic
phase of spacegroup Fd3m - of a structure based upon a complex close packing of inverse
micelles. A novel lyotropic liquid crystal phase has been discovered and its structure has
been solved. The new phase belongs to spacegroup P63/mmc, whose structure is based
upon a hexagonal close packing of identical quasi-spherical inverse micelles.[147]
The equilibrium phase behaviour of binary Phospholipid: Diacylglycerol [172] and
ternary Phospholipid:Diacylglycerol:Cholesterol mixtures in excess water have been
investigated as a function of hydrostatic pressure and temperature using synchrotron
x-ray diraction. By changing hydration and hydrocarbon chain unsaturation, and by
varying the mole ratio of the mixtures, the interfacial curvature of the system can be
tuned and a plethora of phases are found to be adopted by the various mixtures.
There is a scarcity of knowledge regarding the kinetics and mechanisms of lyotropic
phase transitions; such transitions are relevant in understanding fundamental cellular pro-
cesses such as membrane fusion and ssion. Time resolved x-ray diraction experiments,
using pressure as the trigger mechanism have been employed in order to investigate
lamellar - non-lamellar transition kinetics in cholesterol/ phospholipid/diacylglycerol
model membrane systems and preliminary results are presented.
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Chapter 1
Introduction
This section will aim to give an introduction to cell membranes and the signicance,
structure and function of the amphiphiles that make it up. It is largely based on references.
[171, 146].
1.1 Membranes
Biological membranes are uid non-covalent assemblies of lipids and proteins that act as
a semi-permeable barrier and compartmentalise the cellular environment. The membrane
is described by the uid mosaic model, proposed by Singer and Nicolson in 1972, where
the lipids act as a uid matrix with proteins associated at its surface, as shown in Fig.
1.1 a.[152] In the past, lipids in the plasma membrane were given a passive, structural
role however it has recently been shown that the local lipid environment signicantly
inuences the signalling proteins that span or bind to the membrane. It is now thought
that the bilayer varies considerably in thickness, lipid distribution is not random and that
the membrane is a lot more crowded than originally thought, as seen in Fig. 1.1 b.[34]
The main types of lipids found in eukaryotic membranes include the glyc-
erophosholipids, the sphingolipids and cholesterol. Other types of lipids present in mem-
branes are derivatives of these, such as free fatty acids, lysophospholipids and diacylglyc-
erols. Even though a single phospholipid can form a uid semi-permeable membrane,
eukaryotic membranes can consist of more than 1,000 dierent lipid species.[114]
(a) (b)
Figure 1.1: (a) The uid mosaic model as proposed by Singer and Nicolson (b) A modied
version of the membrane. Taken from [34]
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(a)
(b)
Figure 1.2: The chemical structures of (a) DOPC and (b) DOG.
1.2 Lyotropic liquid crystals
Phospholipids are amphiphilic molecules and can be classied according to their head
group, interfacial region and acyl chain type. Due to their amphiphilic nature, phospho-
lipids spontaneously form extended structures in aqueous environments, so as to shield
their hydrophobic chains from water, this is driven by the hydrophobic eect. These
extended structures are lyotropic liquid crystal phases, possessing long range periodicity
and short range disorder.
These phases adopted may possess one-dimensional order (lamellar sheets), two-
dimensional order (hexagonally arranged cylinders) or three-dimensional order (cubic
phases). The geometry of the phase adopted by the lipid aggregates and the dynam-
ics of the molecules within it are inherently related to the structural properties of each
lipid molecule.
The predominant lipids chosen to study here were 1,2-dioleoyl-sn-glycero-3-
phosphoatidylcholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine
(DOPE) and 1,2-dioleoylglycerol (DOG); their chemical structures are shown in Fig. 1.2.
Cholesterol (CHOL) was also used however its structure and function is dealt with in
Section 1.3.
As seen in Fig. 1.2 the lipids contain a glycerol moiety in their structure, which
has fatty acid chains esteried to it and a headgroup. Although glycerol is symmetric,
it becomes chiral when its 1- and 3- carbon atom positions are asymmetrically substi-
tuted. Consequently, a pro-chiral centre `sn-glycerol' centre is dened. The majority of
phospholipids have their phosphate headgroup on position 3 and one or two fatty acids
esteried at positions 1 and 2, and as a result lipids are identied by specifying at which
position a particular fatty acid chain is esteried to. For example, 1,2-dioleoyl-sn-glycero-
3-phosphoatidylcholine refers to a lipid containing two oleic acid chains in the 1 and 2
positions (as the chains are identical the prex di- is used) and a phosphatidylcholine
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Common name Systematic name Symbol Abbreviation
Lauric n-Dodecanoic 12:0 Lau
Myristic n-Tetradecanoic 14:0 Myr
Palmitic n-Hexadecanoic 16:0 Pam
Palmitoleic 9-Hexadecanoic 16:1 ∆ Pam
Stearic n-Octadecanoic 18:0 Ste
Oleic cis-9-Octadecanoic 18:1(9) Ole
Linoleic cis,cis-9,12-Octadecadienoic 18:2(9,12) Lin
Arachidic n-Eicosanoic 20:0 Ach
Table 1.1: Common fatty acids found to be covalently attached to glycerol.
Figure 1.3: Sketches of a Type I (normal) micelle (left) and a and Type II (inverse) micelle
(right). Taken from [142].
(PC) headgroup at position 3.[21]
The various fatty acids that are esteried to the glycerol moiety can dier in the
length and degree of unsaturation of their hydrocarbon chains. They are usually referred
to using either their common name or a symbol used to indicate the chain length, number
of double bonds and the position of the double bond in the chain. When the chains are
abbreviated by a symbol, the rst number represents the number of carbon atoms in the
chain, the second number represents the number of double bonds in the chain and the
number in parenthesis indicated the position of the double bond. For example oleic acid
can be written as 18:1(9), indicating that it has 18 carbons and a double bond between
carbon numbers 9 and 10. The nomenclature and abbreviations for some of the fatty
acids are shown below (Table 1.1).
Phospholipids can have a variety of headgroup structures which can be anionic, zwit-
terionic or neutral. The nature of the chains and headgroup in a lipid can signicantly
aect the phase behaviour of a system.
The resulting phase behaviour of a system is a balance of a large number of forces
that can cause the monolayer to bend around a pivotal surface, away or towards the water
interface, to form Type I and Type II phases respectively, examples are shown in Fig. 1.3.
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Figure 1.4: Structures of dierent lipid `shapes'. From left to right: a Type I (P < 1), a
Type 0 (P = 1) and a Type II (P > 1) lipid. Taken from [144]
As mentioned earlier, lipid species will aggregate in an aqueous environment to form
micelles. As more lipid species are added into the system the number and size of the
micelles will increase resulting in the micelles interacting with one another and aggregated
into a lyotropic liquid crystalline mesophase. The lipids chosen to study here are diacyl -
lipids which rarely form Type I phases due to their large chain splay. Consequently, as all
the non-bilayer phases encountered here are of inverse curvature, the following sections
will only deal with Type II phases.
Israelachvili and co-workers [76] suggested that the lipids can be usefully categorized
by their `shape', Fig. 1.4.
Above the critical micelle concentration (cmc), the shape of the aggregate will depend
upon the balance of packing forces between the headgroups and the chains. This can be
visualised by using simple geometric considerations to assign a packing parameter P to
the amphiphile, based upon its geometric shape:
P =
v
aolc
(1.1)
where v is the molecular volume of the uid hydrocarbon chain(s); lc is the length of
a fully-extended hydrocarbon chain; a0 is the interfacial area per molecule at the polar
/non-polar interface (loosely dened as the cross-section where the polar headgroup is
attached to the chains).
Entropically, the smallest aggregate which is compatible with the packing parameter
should be the favoured one, since this maximises the number of aggregates per unit
volume, and hence maximises the entropy of mixing. The following aggregate structures
are predicted with increasing packing parameter:
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P < 1
3
:
spherical micelles
1
3
< P < 1
2
:
cylindrical micelles
1
2
< P < 1 : at bilayers
P > 1 : inverse micelles
It should be noted that this approach is not very quantitative due to P not being a
xed quantity for a particular amphiphile and tends to vary strongly with hydration, tem-
perature and pressure. Another way to understand the factors that control the stability
of the lyotropic liquid crystalline phases is considering the `balance of forces' [76] within
a uid lipid bilayer (see Section 1.3).
The headgroup of Type I lipids, such as lysophosphocholine (a phospholipid with
only one acyl chain), occupies a larger cross-sectional area compared to the acyl chain
and tend to form Type I phases, such as the micellar phase. Type II lipids, such as
diacylglycerol (DAG), are species with smaller headgroups compared to their acyl chains
and tend to form inverse phases due to the large lipid chain splay. These type of lipids
distort from lamellar phases to form bicontinuous cubic phases. Alternatively, if the desire
for interfacial curvature towards the aqueous region is suciently strong, the monolayer
can bend to form hexagonally packed cylinders, where water channels pass through the
core of each cylinder. This is known as the inverse hexagonal (HII) phase . In Type 0
lipids, such as DOPC, the headgroup and acyl chains occupy the same area and tend to
form at bilayers, i.e. lamellar phases (see below).
The most common phases, of inverse topology, that can be adopted in water between
the uid lamellar (Lα) phase (no curvature) and the most highly curved phase, the inverse
micellar solution (L2) in a phase diagram are shown as Fig. 1.5.
1.2.1 Lamellar phases
The phases with the least curvature are the lamellar phases. They are described as
stacked, at bilayers in either crystalline, gel or uid states. The lamellar gel (Lβ) phase
is characterised by extended chains in the trans-conformation that adopt a hexagonal
packing, having slow lateral diusion and slow long axis rotation. A variation of the gel
phase is the tilted gel (Lβ') phase in which the chains are tilted at an angle to the bilayer
normal. Above the melting temperature (Tm) of the surfactant, the chains `melt' and
enter the Lα phase. This phase is characterised by disordered chains having more gauche
states, resulting in rapid axial rotation and lateral diusion. For phospholipids in the Lβ'
phase, the transformation to the Lα phase occurs through a gel-gel pre-transition where
the lipid forms a ripple phase (Pβ). Sketches for some of the phases described above are
shown in Fig. 1.6.
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Figure 1.5: Sketches of some of the phases adopted by lipids in water, in order of increasing
negative interfacial curvature, from left to right: Lα phase, inverse bicontinuous cubics
(Pn3m, Im3m, Ia3d), HII phase, inverse micellar cubic (Fd3m) phase and L2. Taken from
[144].
(a) (b)
Figure 1.6: Schematics of a) the Lβ and b) the Lα phases.Taken from [142]
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Figure 1.7: Minimal surfaces of (Left to Right) (a) Q
D
II , diamond (b) Q
G
II , gyroid (c) Q
P
II ,
primitive (Plumber's nightmare).
Figure 1.8: Sketch of the HII phase. Taken from [112].
1.2.2 Bicontinuous cubic phases
Bicontinuous cubic phases are viscous systems that display three dimensional periodicity.
The most common inverse bicontinuous cubic phases are based on the "diamond" (Q
D
II),
the "primitive" (Q
P
II) and the "gyroid" (Q
G
II) minimal surfaces and have crystallographic
groups Pn3m, Im3m and Ia3d respectively, see Fig. 1.7. They are formed by draping
a continuous bilayer on such minimal surfaces, resulting in two, not connected, water
networks. These surfaces are connected to each other by the Bonnet transformation.[138]
1.2.3 Hexagonal phases
If the desire for interfacial curvature towards the aqueous region is suciently strong, the
monolayer can bend to form innitely long hexagonally packed cylinders, where water
channels pass through the core of each cylinder. This is known as the inverse hexagonal
(HII) phase see Fig. 1.8.
However, the HII phase has quite a lot of packing frustration due to the packing of
cylinders not being able to ll the entire space, resulting in voids. This results in the
chains extending or compressing from their preferred length to ll the voids, which is
energetically costly.
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(a) (b)
Figure 1.9: Schematic structure of the lyotropic cubic phase of space group Fd3m: (a)
arrangement of the inverse micelles within the unit cell (origin choice 1 at 4¯3m-see Inter-
national Tables for Crystallography); (b) the connection between the hexakaidecahedral
and the dodecahedral volumes via pentagonal faces occupied by the two types of inverse
micelle. Taken from [135].
1.2.4 Micellar cubic phases
Micellar cubic phases can be of normal or inverse topology. They consist of spherical
and/or non-spherical micelles arranged in a cubic lattice. An example of a micellar cubic
phase is the discontinuous inverse micellar cubic phase of crystallographic group Fd3m
see Fig. 1.9.
The Fd3m phase consists of two dierent sizes of micelles packed regularly on a face
centred cubic lattice. There are eight larger and sixteen smaller inverse micelles per
unit cell.[97] The 8 larger micelles sit inside hexakaidecahedra at (a) special positions
within the unit cell ((0,0,0), (3/4,/ 1/4, 3/4) ...) of site symmetry 4¯3m. The 16 smaller
micelles occupy dodecahedra at special positions (d) ((5/8, 5/8, 5/8), (3/8, 7/8, 1/8), (7/8,
1/8,3/8), (1/8,3/8, 7/8) ... ) of site symmetry 3¯m. The hexakaidecahedra are arranged
on a diamond lattice and meet tetrahedrally via their four hexagonal faces, while the
dodecahedra are grouped in tetrahedral clusters and ae connected to the neighbouring
hexakaidecahedra via three adjacent pentagonal faces of the hexakaidecahedra.
The Fd3m phase usually requires two lipid species for its formation, one of which is
strongly hydrophobic. For pure phospholipids in water, the Fd3m phase has not so far been
found; however, by addition of a weakly polar amphiphile such as protonated fatty acids,
fatty alcohols, or diacylglycerols (DAG) to phospholipids such as phosphatidylcholine
(PC), the preferred interfacial curvature can be tuned to be so strongly negative that or-
dered inverse micellar phases are observed.[135, 97, 72, 140] Such molecules are soluble in
phospholipids to high mole fractions (< 67 mol%), above a certain temperature. It should
be noted however that the Fd3m phase has been observed in certain single hydrated gly-
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Figure 1.10: The maximum and minimum values of curvature of a monolayer. Taken from
[144]
colipid systems such as the dialkylxylopyranosylglycerol/ water and diphytanylglucosyl-
glycerol/ water systems.[140] Another way of promoting the inverse micellar Fd3m phase
to form is to reduce the packing frustration in the chain region by adding non-polar solutes
(such as alkanes) to amphiphiles such as monoacylglycerols.[52, 182, 183, 145, 119, 127, 53]
The packing fraction, dened as the percentage of the unit cell volume occupied by
the micelles, for the Fd3m clathrate structure is 71%, which means the phase suers
from severe packing frustration. However, such packing fractions are only relevant for
hard spheres, as uid interfaces may be deformed (this is known for the Fd3m phase)
potentially producing a packing fraction approaching 100%.
1.3 Curvature of phases
If the desire for interfacial curvature is suciently strong, the monolayer can bend around
a pivotal surface, away or towards the water interface. This typically occurs when there is
an imbalance in eective head group and chain size, this may have both steric and charge
contributions. This may lead to `straining' within a at system that can be relieved by
curving.
The curvature of a surface at any given point on the monolayer can be dened by
drawing a vector normal to the surface. By doing so, the two principle curvatures, c1
and c2 can be obtained (Fig. 1.10), as the maximum and minimum values of curvature
respectively.[144]
The two principle curvatures are orthogonal to one another and when combined to-
gether as a sum or product they give the mean curvature, H , and the Gaussian curvature,
K, of a surface. These are dened as:
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H = c1+c2
2
K = c1c2
(1.2)
where c1 and c2 are the maximum and minimum curvatures of the surface, dened as:
c1 =
1
R1
and c2 =
1
R2
(Fig. 1.10).
For a lamellar system H = 0 and K = 0 as it is essentially a at interface. For the
HII phase H = ± 1R and K = 0, where R is the radius of the cylinder.
The total free energy of a system consisting of lipid assemblies and water is dominated
by three factors:
• the curvature free energy (gc)
• the packing frustration of the hydrocarbon chains (gp)
• a term related to dierent interaction forces such as the hydration force (ginter).
gtot = gc + gp + ginter (1.3)
The ginter term is assumed to be zero as interbilayer spacings are large.[144]
1.3.0.1 Curvature elastic energy
The curvature elastic energy of membranes was rst explored by Helfrich, [66] where he
reduced the lipid bilayer to an innitely thin elastic surface. Consequently, it will be
energetically costly to deform the surface which will result in a change in curvature of
that surface and this is dened by H and K. The `Helfrich ansatz' equation, Eqn. 1.4
returns gc, per unit area of the system:
gc = 2κ(H −H0)2 + κGK (1.4)
where κ is the bending modulus associated with mean curvature and κG is the bending
modulus associated with the Gaussian curvature.
The mean curvature, H0, is the curvature at which the curvature elastic energy is at a
minimum and is determined by the lateral forces acting on the monolayer, see Fig. 1.11.
The main forces at play are the repulsive headgroup and hydrocarbon chain lateral
pressures. The repulsive forces in the headgroup are due to hydration, steric and electro-
static interactions and for the chains the repulsive force is due to trans-gauche isomer-
izations due to temperature. The attractive force in the interfacial region is due to the
hydrophobic eect, which acts to minimise the contact of the hydrophobic chains with
the aqueous environment.
At equilibrium, the lateral pressure for the monolayer is zero:∫
dz zt(z) = 0 (1.5)
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Figure 1.11: Sketch of the lateral stress prole across a lipid monolayer. The lateral stress,
t(z), is plotted as a function of distance, z, through the monolayer. Taken from [144]
The spontaneous mean curvature is proportional to the rst moment of the stress
prole:
H0 = −(2κ)−1
∫
dz zt(z) (1.6)
H0 is expected to be negative for a monolayer of an amphiphile having a small, weakly
hydrated headgroup, and positive for an amphiphile with a large, strongly hydrated head-
group. However, for a symmetric bilayer, the rst moment will be zero by symmetry, and
hence H0(bilayer) = 0, even though H0 is not in general zero for the individual monolayers.
If the spontaneous mean curvature is negative it will result in the monolayer wanting
to bend away from the water interface. Consequently, if two identical monolayers were
stacked upon each other to make a bilayer, then each monolayer would want to bend in
the same direction. As the bilayer is at, the monolayer is refrained from bending result-
ing in stored tension (the torque tension) resulting in unfavourable voids being formed
(Fig. 1.12). This stored frustration may be partially relieved however if it reaches a point
where it becomes energetically unfavourable to be in a at bilayer then the bilayer will
bend to form an inverse phase.
It was shown by Helfrich that the Gaussian bending modulus is given by the second
moment of the stress prole:
κG =
∫
dzt(z)z2 (1.7)
For a monolayer, the origin of integration is taken at the pivotal surface, where the
cross-sectional area does not change upon bending. This integral is usually negative,
κG < 0, meaning that a monolayer will prefer to curve into a spherical or ellipsoidal shape,
having positive Gaussian curvature. This favours micellar or inverse micellar phases based
upon a discontinuous packing of discrete aggregates. If the Gaussian curvature is zero,
then parabolic surfaces are favoured, corresponding to phases with at or cylindrical
interfaces. The value of κG for a bilayer is not simply twice the value for a monolayer
and consequently the value of κG for a bilayer can be positive if the headgroup is small
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Figure 1.12: Frustration in a bilayer resulting in unfavourable `voids'. Taken from [138]
and weakly polar, even when the value of κG for a monolayer is negative. This tends
to favour a saddle-surface deformation of the bilayer, which is stabilised by a topological
transformation to a sponge-like bicontinuous phase.
1.3.0.2 Packing frustration
The HII phase has quite a lot of packing frustration due to the packing of cylinders not
being able to ll the entire space, resulting in voids. This results in the chains extending
or compressing from their preferred length to ll the voids, which is energetically costly.
So far, models to evaluate the packing frustration have been simplistic. Chains are
treated like springs and hence to stretch or compress the chains from their average length
the energy is:
gp = λ(< l > −l)2 (1.8)
where gp is the chain packing energy, λ is the chain stretch modulus, < l > is the average
chain extension and l is the chain extension at a particular point.
It is a competition between gp and gc that stabilises the phases.
1.4 Tuning interfacial curvature with temperature,
pressure and hydration
It is usually found experimentally that there is an increase in the preferred interfacial mean
curvature of the system with increasing water content, resulting in phases of increasingly
positive interfacial curvature with increasing water content. However, for various lipid
systems with weakly polar headgroups, which tend to form inverse phases, hydration has
a narrow capacity to tune the phase behaviour of the system, and instead varying the
temperature and/or hydrostatic pressure are often found to be more important.
The eect of pressure on lipid phase behaviour is fascinating, by allowing extension
of the investigated phase space to two dimensions (with the other dimension given by
temperature), pressure can provide information that would not be possible through other
physical variables [31] and indeed increasing pressure can induce a system to adopt a phase
that is not observed in its temperature dependent phase behaviour. A key physiological
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eect is that pressure can alter membrane permeability leading to the startling observation
that anaesthesia can be reversed by pressure. Pressure also plays a crucial role in the
physiology of marine organisms since the pressure at the bottom of the ocean can exceed
1 kbar.[176, 178] Critically for this study, pressure promotes any chemical or physical
change that results in a volume reduction [176] and so can provide valuable insights into
lyotropic phase behaviour, additionally, fast pressure jumps can be used to probe the out-
of-equilibrium kinetics of lipid phase transitions.[137]. Key advantages of inducing phase
transformations with pressure rather than other parameters such as temperature include
that pressure changes propagate extremely rapidly (typically 5 ms) both with increasing
and decreasing pressure, intramolecular bond covalent bond distances and angles are not
generally aected below 2 GPa (20 kbar) and pressure can be cycled rapidly and highly
reproducibly allowing for data averaging.[179]
The eect of increasing pressure is qualitatively similar to that of decreasing the tem-
perature. Pressure promotes any chemical or physical change that results in a volume
reduction and hence an increase in pressure tends to stabilise phases with low curvatures,
since hydrocarbon chains occupy lower volumes as they become conformationally more
ordered. An increase in temperature should induce an increase in the chain splay (and
hence an increase in the spontaneous mean curvature) resulting stabilising phases with
higher curvatures.
1.5 The importance of cholesterol
Cholesterol is of vital importance to cells that aects the microviscosity and capacitance
of the membrane; absence of cholesterol will result in cell death. The ambivalent character
of CHOL has been well documented.[112] Addition of cholesterol to a bilayer in the gel
phase disrupts chain packing, by acting as an `impurity', resulting in the loss of long
range order and uidisation of the phase. On the contrary, incorporation of cholesterol
causes the uid phase to become more ordered as it needs to `bury' its rigid hydrophobic
backbone within the bilayer, resulting in the ordering of the hydrocarbon chains in order
to maximise the van der Waals interactions. At sucient CHOL concentrations, the liquid
ordered (Lo) phase is formed (Fig. 1.13). The Lo phase shares properties with the Lβ and
Lα phases. It is characterised by fast lateral diusion and long axis rotation as in the Lα
phase and high chain order as in the Lβ phase.[26]
Although cholesterol is usually associated with promoting the formation of lamellar
phases (bilayers), it was recently shown that CHOL induced inverse phases in mixtures
with unsaturated PCs and diacylglycerols.[168, 5]
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(a) (b)
Figure 1.13: (a) The Lo phase. The black rectangles between the phospholipids chains are
cholesterol molecules. Taken with permission from [141].(b)The structure of cholesterol.
1.6 Lipid rafts
It is widely recognised that there is lateral heterogeneity within cell membranes. Even the
original uid mosaic model recognized the possibility of membrane microdomains, termed
"lipid rafts". The current lipid raft hypothesis suggests that membranes contain discrete
microdomains enriched in specic types of lipids, that have increased acyl chain order,
and proteins that dier from the bulk membrane.
In articial membranes, the Lo domains are characterized by a relative resistance to
extraction with cold, non-ionic detergents [93] and consequently they have also been called
DRMs, detergent resistant membranes. In cells, DRMs are characterised by enrichment in
sphingolipids and cholesterol,[32, 17] and the presence of glycophosphatidylinositol (GPI)-
anchored proteins.[46] The detergent however can aect the results so DRMs should not
be likened with rafts.
Proteins modied with saturated acyl chains are predicted to have high anity for
an ordered lipid environment. It is thought that the content of lipid rafts is rich in
proteins modied with fatty acyl chains. These are proteins attached to the cell surface
through GPI anchors (which contain saturated fatty acids) and proteins anchored to the
cytoplasmic inner leaet through tandem myristoylation and palmitoylation or tandem
palmitoylation.[155] Targeting proteins to rafts via palmitoylation is due to the ability of
the saturated fatty acid to t well in an ordered lipid environment, and is not simply a
function of hydrophobicity. Proteins modied with bulkier lipids like unsaturated fatty
acids or prenyl groups are predicted to have low anity for `rafts'.
Rafts are believed to serve as a scaold for organizing signalling molecules into ecient
macromolecular signalling complexes. Lipid rafts have been implicated in a variety of cell
signalling processes,(see [104] and references therein) and diseases, such as in the fusion
of the HIV virus.[2]
A plethora of characterisation techniques have been employed in order to understand
lipid rafts but even though this eld has been studied in detail many questions remain
1.7. Structure and function of 1,2-diacyl-sn-glycerol 35
unsolved. The lifetime, size [74, 151, 151, 88, 57, 32] and even the existence of rafts are still
debated.[57, 108, 82, 141, 77] The mechanism for forming rafts has yet to be elucidated;
do proteins recruit lipids or vice versa?
1.7 Structure and function of 1,2-diacyl-sn-glycerol
1.7.1 Background
Diacylglycerols (DAGs) are hydrophobic molecules consisting of two fatty acid chains
covalently bonded to a glycerol moiety through ester bonds. The physiologically pertinent
isomer is 1,2-diacyl-sn-glycerol, an example of such is shown in Fig. 1.2, however the fatty
acyl moieties attached to the glycerol backbone can vary signicantly (chain length, degree
of unsaturation). Naturally occurring DAG possesses a saturated fatty acid chain in the
sn-1 position and a saturated or poly-unsaturated sn-2 chain.
DAGs act as second messengers in cell signalling, are key intermediates in the
metabolism of many lipid species, trigger translocation and subsequently activation of
enzymes to the membrane and modulate the activity of many membrane proteins (see
Section 1.8). Moreover, it is incredibly interesting that DAG is found, produced and
activates its signalling pathway within rafts. [125, 116]
Impaired DAG homeostasis has shown to aect cell proliferation and organ devel-
opment and has been linked with diseases such as Alzheimer's disease, cancer, cerebral
ischemia and diabetes , to name a few.[90, 87]
DAGs can be generated via multiple pathways in the cell. There are two major
pathways of de novo DAG synthesis in eukaryotes; DAG can be synthesised by ei-
ther glycerol-3-phosphate or from dihydroxyacetone-3-phosphate and takes place mainly
in the endoplasmic reticulum. For an extensive review please refer to Carrasco and
Merida.[18] Alternatively, DAG can be generated through the action of phospholipase
C (PLC) and D (PLD) as well as sphingomyelin synthase.[96] Stimulation via mem-
brane receptors activates a G protein which in turn activates the membrane-bound PLC.
Subsequently, PLC hydrolyses phosphatidylinositol 4,5-bisphosphate (PIP2) to generate
to important second messangers: inositol 1,4,5-trisphosphate and DAG. DAG can also
be generated by the hydrolysis of PC by PLD followed by the action of phosphatidate
phosphohydrolase.[131, 153, 41] In eukaryotic cells, DAG production is not only restricted
to the plasma membrane but is also important in nuclear membranes [51] and the Golgi.
The concentration of DAG in membranes varies from cell type. For example, the con-
centration of DAG in Ras-transformed kidney cells is approximately 2 mol%.[4] Higher
concentrations are found in the Golgi membrane, where DAG serves as recognition mo-
tif of some proteins and is required in the process of exocytosis from the trans-Golgi
network.[109, 61] It should be noted that due to the synthesis pathways for DAGs and
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their rapid diusion within the membrane, transient clusters of high DAG concentration
can be accumulated. This local and eeting DAG concentration [43] results in DAG
accumulation in membranes leading to a change in the structure of the membrane and
facilitating processes such as membrane ssion and fusion.
1.7.2 Polymorphism of pure diacylglycerols
The rst crystal structure of a DAG, namely 1,2-dilauroyl-sn-glycerol (DLG) was solved
by Pascher et al. in 1981.[117] Due to the fact that DAG isomerises very easily to give the
1,3 isomer, previous attempts to solve its crystal structure were problematic.[84] Recently,
the use of magic angle spinning (MAS)
13
C NMR has allowed the determination of various
DAG structures.[54]
DAGs with equivalent acyl chains (C12-C24) form a stable bilayered β' phase (an
orthorhombic perpendicular subcell) and a metastable α phase, with hexagonally packed
chains, which is found on cooling several degrees lower than the melting point of the
β' phase.[83] The more biologically relevant DAGs containing one saturated and one
unsaturated acyl chain give rise to remerkably striking polymorphism.[28, 29] Di and
Small [28, 29] synthesised and examined, 1-stearoyl-2-oleoyl-sn-glycerol (SOG) and 1-
stearoyl-2-linoleoyl-sn-glycerol (SLG). Due to diculty of the saturated and unsaturated
chains to pack closely, DAG exhibits remarkable polymorphism. Disaturated DAGs pack
much more favourably than mixed chain DAGs. SOG for example exhibits eight phases
in the dry state, while SLG forms four phases. These phases are of similar energy state
and arise due to the inability of packing chains with dierent conformational restrictions.
Hydration partially relieves these interactions. It appears that SLG packs better than
SOG. 1,2- distearoyl-sn-glycerol (SDG) forms only two phases.[29] It is remarkable how
the presence of a double bond can aect polymorphism so drastically. Some of the phases
described above are shown in Fig. 1.14. Moreover, the C22 and C24 DAGs form a sub-α
phase with pseudo-hexagonal symmetry, upon cooling of the α phase.
An interesting example of dry DAG phase behaviour is shown by 1-stearoyl-2-
arachidonoyl-sn-glycerol which was shown to adopt a V-shaped conformation.[69] The
steroyl and arachidonoyl chain are separated by an angle of 115
o
where the steroyl and
arachidonoyl chains pack in a separate steroyl and arachidonoyl layer respectively, with-
out interdigitation (see Fig. 1.15). A V-shape conformation of 94
o
was also found in
1-stearoyl-3-oleoyl-sn-glycerol.[51] The authors suggested that this unusual conformation
of SAG could promote the lamellar to inverse phase transition, implicated in fusion pro-
cesses. Undoubtedly, the peculiar conformation of SAG will perturb the membrane and it
was suggested that this can lead to activation of various enzymes. If the enzyme possesses
a hydrophobic nger, then SAG can alleviate the strain posed to it, by having to adopt
a hairpin conformation, in the membrane and the arachidonoyl chain can segregate from
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Figure 1.14: Some of the possible phases SOG can adopt. The headgroup conformations
are thought to be similar to DLG [117]. Taken from [28]
the steroyl chain by interacting with the anchoring domain of the membrane-associated
protein, forming the V-shaped conformation which is favoured energetically.[69]
1.7.3 The nature of DAG in the membrane
Hamilton et al. studied the conformation of 1,2 DLG in both sonicated and unsonicated
egg-PC bilayers using solution and solid state
13
C MAS NMR spectroscopy. They found
that the chemical shift of 1,2 DLG in PC demonstrated that the carbonyl groups are
proximal to the water interface. This means that the DLG must be orientated along the
bilayer normal. Both carbonyls are hydrogen bonded to water, however it appears that
the sn-1 carbonyl is relatively dehydrated compared to the sn-2 carbonyl.[55, 154, 56]
Based on this data, it was proposed that the conformation of DAG in a bilayer is similar
to the crystalline structure of phospholipids [20] and liquid crystalline lamellar structure
of 1,2-dilauroyl-sn-glycero-3-phosphatidylethanolamine (DLPE) and some PCs [117, 62].
The conformation of DLG in bilayers has the its glycerol moiety perpendicular to the
bilayer plane as opposed to parallel in its crystal form (Fig. 1.16).
This proposed structure was further supported by other NMR studies such as gen-
erating DAG by the direct action of phospholipase C [15] and uorinated analogues of
DAG [129]. It was also shown that a variety of DAG species aect the conformation
of PC headgroups in phosphatidylcholine: phosphatidylserine (4:1) mixtures by partially
dehydrating them.[48]
DAG has been shown to rapidly ip op in both articial and natural membranes.
Hamilton and co-workers calculated a unimolecular rate constant for the transbilayer
movement of DAG (20 mol%) to be approximately 22s
−1
at physiological temperatures,
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Figure 1.15: A schematic of a possible conformation and packing of SAG in the α phase.
Thick lines are the immobile stearoyl and glycerol moieties, and thin lines are the mobile
arachidonoyl. Taken from [69]
corresponding to a half-time of 11 ms.[55] The exchange rates were higher for lower DAG
concentrations, making it dicult to measure ip-op at low DAG concentrations. Bai et
al. [9] used a uorescent derivative of DAG to measure ip-op rates and found a very
fast diusion rate of DAG in the membrane, with a half-time of 70 ms. Due to the low
concentration of DAG in membranes, this nding could be important. Other studies have
calculated the ip-op of DAG and range between some seconds [45] to a minute [3].
1.7.4 Eect of DAG on lipid polymorphism
Das and Rand [25] were among the rst people to examine the behaviour of a diacylglycerol
derived from egg-PC into egg PC and egg phosphatidylethanolamine (PE) bilayers by x-
ray diraction. They found that a lamellar phase was formed at low DAG concentrations
whereas at higher concentrations HII and cubic phases appeared. The lamellar to HII
transition begun at 3 mol% for PE bilayers and 30 mol% for PC bilayers. They observed
that the area per headgroup increased in the lamellar phase, however the bilayer thickness
remained constant. As DAG is a type II lipid, it will inherently like to adopt inverse phases
and as a result, its ability to promote a lamellar to HII transition has been extensively
documented.[35, 50, 64] It has been shown that 1 mol% of various DAGs can lower the
temperature of the lamellar to HII transition in PC and PE bilayers from as much as
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Figure 1.16: The conformation of DLG in a membrane. At the bottom is shown a space-
lling representation of the PC/DAG monolayer. The solid red line in the polar region of
the structures shows the orientation of the glycerol backbone. The top shows two detailed
conformations of DLG based on crystal structures. Taken from [55].
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Figure 1.17: The phase diagram for binary DMPC-DMG mixtures hydrated in 0.1 M KCI,
10 mM Tris, 10 mM EDTA (pH 7.0). Cl and C2 denote compounds with DMPC:DMG
stoichiometries of approximately 1:1 and 1:2 mol/mol, respectively. DMG represents
crystalline dimyristoylglycerol; G is the gel phase consisting primarily of DMPC; and
Lα, HII, and I are uid lamellar, inverted hexagonal and isotropic phases, respectively.
"metastab. α" denotes the metastable transition of DMG (α-form). Copied from [64]
2 to 10
o
C.[78] The inclination to form non-lamellar phases is associated with bilayer
frustration and curvature elastic stress.[160, 148]
A variety of experimental techniques have shown that DAGs form a hydrogen bond
between the DAG -OH group and the phospholipid ester group resulting in elimination
of bound water from the phospholipid headgroup causing surface dehydration.[48, 95] It
is thought that one molecule of DAG binds to half a water molecule.[69]
Numerous studies have investigated the phase behaviour of PCs and DAGs comprising
the same acyl chains, such as DMG-DMPC [64] and DPG-DPPC.[154, 95, 120] Immiscibil-
ity between DAG and phospholipids is well known and this eect is even more pronounced
in mixtures of unsaturated lipids [81] and addition of cations.[80] The phase diagram of
DMPC-DMG (Fig. 1.17) showed three distinct regions related to the formation of 1:1
(C1) and 1:2 (C2) complexes. The rst region shows immiscibility between DMPC and
C1, the second region displays immiscibility between C1 and C2 and region three shows
immiscibility between C2 and DMG. The uid phases in each of the three regions were
lamellar, inverse hexagonal and isotropic.[64] Immiscibility between the complexes and
the PC begins at less than 1 mol% DAG.
There are numerous examples of DAGs that form cubic phases in various mixtures
of phospholipids at high DAG concentrations. Consequently, it is quite likely that the
isotropic phases observed in the DMG-DMPC system are also of micellar cubic topology.
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Two cubic phases have been discovered in DAG - phospholipids mixtures, namely the
Fd3m phase [97, 132] and the Pn3m phase [113]. The adoption of such cubic phases has
been implicated in the processes of membrane fusion and ssion that will be discussed
later on. Peculiar phase behaviour is seen in DOG- DOPC mixtures at limited hydration.
Between 10 and 20 wt% water an optically isotropic phase appears, designated the X-
phase. Its structure is still debated but it has been proposed that it might be a 3-D
hexagonal phase.[136](see also Chapter 3)
Since PEs undergo a lamellar to HII phase transition themselves, incorporation of
DAG signicantly reduces the transition temperature to the inverse phase.[148] It was
also shown that length and degree of unsaturation of DAG signicantly inuences the
ability of the system to undergo a lamellar to HII transition.[163] Armstrong et al. showed
a mixture of PC molecules, sphyngomyelin, CHOL and DOG exhibited inverse hexagonal
and unidentied cubic phases. As these are typical "raft" compositions, it is interesting
to see that regions with increased CHOL and DAG content within rafts can adopt such
inverse structures.[5]
1.8 C1 domains and proteins that are activated by
DAG
Unlike the C1 complexes described above, C1 domains are members of the cysteine-rich
superfamily (Cys2) that were originally identied in Protein Kinase C [115] but have now
been found to be present in a plethora of signalling families.
Proteins bearing the C1 domain are targeted from the cytosol and translocate to the
membrane in response to DAGs/phorbol esters, resulting in interaction with substrates
and signalling complexes,[73] which could result in enzyme activation.[110] For example,
the binding of DAG to the C1 domain of PKC results in its activation followed by the
phosphorylation of its substrates.[111]
Although PKC is activated by binding of DAG to the C1 domain, leading to the an-
choring of the enzyme to the bilayer, it appears that physical properties of the membrane
and lateral heterogeneity can increase enzyme activation.[5] It is now assumed that the
propensity of the membrane surface to undergo a transition to an inverse hexagonal phase,
as induced by increased concentration of molecules such as DAG and PEs, increases PKC
activation. [162, 38]
It should be stressed that it is the propensity and not the formation of the HII phase
that increases the activity; HII phase formation in fact decreases the activity compared to
membranes in a bilayer organisation.[80] On the contrary, cubic phases and micelles will
increase enzymatic activity of PKC.[47] It is of no surprise that Ho et al. have described
the C1 domain as a membrane stress sensing molecule.[70] DAG induced local surface
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Figure 1.18: Fusion of lipid bilayers. (A) Establishment of membrane contact. (B)
Pointlike protrusion at the prefusion stage. (C) Fusion stalk. (D) Hemifusion diaphragm.
(E) Cracklike fusion pore. Taken from [19].
dehydration, relief of chain packing pressure and minimisation of unfavourable headgroup
interactions have all been linked with PKC activation. In addition, the chain length
and degree of unsaturation of the DAG acyl chains aect the activation of PKC. Long,
saturated chains are less eective compared to DAGs containing unsaturated or short
saturated acyl chains.
For an extensive review about proteins that bind and are activated by DAGs please
see ref. [23].
1.9 DAG as a fusogen
Membrane fusion is signicantly important and underlies a large number of important
biological processes such as exocytosis, endocytosis, viral fusion and cell division, to name
a few. The mechanism by which uid lamellar phases transform to inverse phases is
thought to proceed via stalk-like intermediates. A diagrammatic version of the Stalk
mechanism is shown in Fig. 1.18.
Several studies have shown that DAG is involved in membrane fusion. It has been
suggested that that DAG is associated in the stalk intermediate to hemifusion intermediate
transition.[163] In addition, it has been found to take part in ssion [42] and required for
the secretion of molecules in the trans-Golgi network.[10] Finally, DAG has been associated
with proteins, such as Munc18 and Munc13 that are associated to SNARE proteins, all
of which have been shown to be involved in membrane fusion.[169]
Chapter 2
Materials and Methods
2.1 Materials and sample preparation
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-stearoyl,2-oleyol-sn-glycero-3-
phosphotidylcholine (SOPC), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and
1,2-palmitoyl-sn-glycero-3-phosphocholine S (DPPC) were obtained from Avanti Polar
Lipids, Inc. (> 99%). A racemic mixture of dioleoylglycerol (> 99%), dipalmitin and
distearin, as well as 1-stearoyl,3-oleoyl glycerol (SOG) were bought from Larodan Fine
Chemicals (Malmo, Sweden) and cholesterol was bought from Sigma- Aldrich. All
materials were used without further purication.
It should be noted that it is well known that diacylglycerols are prone to racemization
via acyl chain migration, and this eect is even more pronounced for unsaturated dia-
cylglycerols. 1,2-diacylglycerols readily isomerise to an equilibrium mixture of 1,2- and
1,3-diacylglycerols resulting in a mixture with a ratio of approximately 30: 70 % respec-
tively, as 1,3-DAG is structurally more stable.[161, 44, 128] Thus, as a mixture of DAGs
was used here, it is quite likely that most of the DAG in the samples is the 1,3 isomer.
Samples were prepared by mixing the desired amount of lipid species and dissolving
them in either cyclohexane with a drop of methanol to aid dissolution, or chloroform.
The mixture was frozen in liquid nitrogen and lyophilised for at least 24 hours to remove
the solvent and excess water (<60 wt%) was added to the samples. All water used in
sample preparation was de-ionised, HPLC grade. The mixtures were subjected to several
freeze-thaw cycles to achieve reproducibility. Moreover, the samples were subjected to
a minimum of 5 pressure cycles (0 to 2000 bar) in order to achieve reproducibility and
sample homogeneity. The samples were stored in glass vials sealed with paralm. When
diraction experiments were carried out, the sample was placed within a Teon spacer (1
mm thick) with mylar windows attached to it using double sided sticky tape.
2.2 Powder x-ray diraction from lyotropic liquid crys-
tals
X-ray diraction was the sole technique used in this work, however only a short overview
of the technique is presented; the interested reader can refer to numerous good books on
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Figure 2.1: Waves reected by two parallel successive planes (hkl) of a crystal system.
x-ray diraction theory.[181, 118] Lyotropic liquid crystals have long range periodicity and
short range disorder, resulting in sharp diraction peaks from the sample. Theoretically,
the diracted beams should be innitely sharp delta functions, in reality however the lines
are broadened by a variety of processes such as crystal size and thermal uctuations. In x-
ray diraction a parallel beam of x-rays irradiates the sample and diraction occurs when
each point in a periodic arrangement coherently scatters the x-rays, creating constructive
interference at precise angles. The wavelength of the x-rays is comparable to atomic
distances. Each point in the sample scatters radiation from successive lattice (hkl) planes
(Fig. 2.1).
Each point in the sample may dier in distance from the x-ray source and the measur-
ing device and as a result the phase of the scattered radiation will depend on the position
of the point as well as the phase change caused by the sample interaction. This geometry
of x-ray diraction can be described by the Bragg equation (Eqn. 2.1).
nλ = 2dhkl sin θ (2.1)
where n is the order of the reection, λ is the wavelength of radiation, dhkl is the
distance between repeated planes in the lattice and 2θ is the scattering angle.
The diraction pattern is related to the reciprocal lattice described by the lattice
planes (h, k, l). The observed Bragg peaks corresponding to specic lattice planes are
due to reciprocal lattice points (dened by the crystal) intersecting the Ewald sphere (Fig.
2.2) which is dened by the x-ray beam. The Ewald sphere is drawn with radius
1
λ
and
consequently has the same properties as Bragg's law; the distance S (shown as an orange
vector in Fig. 2.2) reduces to S = 2 sin θ/λ, where S = 1
dhkl
.
Single diracted points will be observed from diraction from a single crystal, however
in powder diraction, the grains or the domains of the powder/ liquid crystalline sample
are randomly orientated and hence the reciprocal lattice is allowed to explore all possible
orientations giving rise to diracted rings rather than points.
2.2. Powder x-ray diraction from lyotropic liquid crystals 45
Figure 2.2: Schematic of the Ewald sphere.
2.2.1 Small angle x-ray scattering
The long range order of the structure appears in the low angle region of the diraction
pattern (small angle x-ray scattering, SAXS) and is important in determining the phase
of the liquid crystal. Each mesophase (lamellar, hexagonal or cubic) possesses dierent
long range translational order, hence will give unique Bragg reections depending upon
the symmetry of the phase. Analysis of the small angle x-ray diraction pattern will give
the repeat spacing of the electron density prole (i.e. the repeat distance of the lattice),
the d-spacing. The repeat distance of a liquid crystal in a lamellar phase is the sum of
the lipid bilayer thickness and the thickness of one adjacent interlamellar water layer.
The d-spacing can be used to provide information about the thickness of the bilayer and
hydration limits.
The allowed Bragg reections with their corresponding hkl planes and interplanar
spacing equations for a selection of mesophases are tabulated, Table 2.1.[67]
2.2.2 Wide angle x-ray scattering
In the wide-angle x-ray scattering (WAXS) region, the short range order of the system is
detected, i.e. the packing of the lipid acyl chains. [121] WAXS can be used to dierentiate
between the various lamellar phases (Lc, Lβ, Lα and Lo).
The lamellar crystalline (Lc) phase can be identied by a sharp diraction peak(s). In
the Lβ phase, the hydrocarbon chains are extended and adopt a hexagonal packing which
gives a sharp diraction peak at 4.2 Å. The Lβ' phase gives two diraction peaks in the
wide-angle region; one sharp and one broad reection. As the Lα phase is disordered (no
short range order, fast motion) and the acyl chains undergo rapid trans-gauche isomeri-
sation, the chain packing is `removed' resulting in a broad diraction peak at around 4.6
Å. It is dicult to distinguish the Lo phase from WAXS due to, as discussed earlier, its
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Mesophase Interplanar
spacing equa-
tion
Bragg reections
Lamellar Sh =
h
a
11 (100), 2 (200), 3
(300), 4 (400), 5 (500),
etc.
Hexagonal Shk =
2(h2+k2+hk)
1
2√
3a
1 (100),
√
3 (110),
√
4
(200),
√
7 (210),
√
9
(300), etc.
Plumbers night-
mare cubic
(Im3m)
Shkl =
(h2+k2+l2)
1
2
a
√
2 (110),
√
4 (200),√
6 (211),
√
8 (220),√
10 (310), etc
Fd3m Shkl =
(h2+k2+l2)
1
2
a
√
3 (111),
√
8 (220),√
11 (311),
√
12 (222),√
16 (400), etc.
Table 2.1: Examples of mesophases adopted by lipids, along with their interplanar spacing
equation and allowed Bragg reections of the spacegroup.
similarity between the Lα and the Lβ phases. The Lo phase is characterised by fast lateral
diusion and disordered packing resulting in a broad diraction pattern very similar to
that of the Lα phase.
2.3 Electron denisty reconstructions
Electron density maps for the HII, Pn3m, Im3m and P63/mmc phases were computed
using Mathematica (Mathematica 7.5, Wolfram Research Inc.). The peak intensities were
obtained by tting a Gaussian function to each peak (or deconvoluted using a multi-
Gaussian t if the peaks were overlapping) and taking the area under the peak as the
value of the intensity. The R2 values for all ts were greater than 0.99. The relative
intensities have been corrected by a factor of q2 (Lorentz correction),[79] to take account
of the SAXS geometry: the reciprocal lattice points in a powder sample are smeared over
a spherical surface with area proportional to q2, however this only intersects the Ewald
sphere, and hence only diract along a ring with length proportional to q giving rise to
a correction factor of q. Further, full power diraction ring patterns are recorded on a 2-
dimensional detector but conventionally during radial integration to give a 1-dimensional
diraction plot, data are normalised to q so results are comparable with those obtained
using a linear detector, this gives a further correction factor of q. Combining these two
considerations gives the full Lorentz correction. The Lorentz corrected intensities were
2.3. Electron denisty reconstructions 47
then normalised by scaling them as percentages of the most intense reection and were
corrected by dividing each reection by the appropriate multiplicity factor for each reec-
tion. These were then converted to the structure factor moduli by taking the square root
of the corrected intensities. For the reconstruction of the maps an appropriate contour
was chosen in order to show a single surface of the phase clearly.[1]
The electron density map for the Fd3m phase was computed by extending a program
originally written by Hervé Delacroix in FORTRAN 77. For the HII and P63/mmc phases,
a transformation was applied to the x and y axis in order to convert them from hexagonal
to Cartesian.
2.3.1 Background
This section is based on: [124, 11]
2.3.1.1 The structure factor
The dimensions of the electron cloud of an atom are the same order of magnitude as the
wavelength of x-rays and hence x-rays can be scattered by electrons within atoms. The
scattering resulting from interaction between incident x-rays and all the electrons within
an atom is known as the atomic scattering factor, f which can be dened as:
f(~S) = resultant amplitude from atom/ amplitude scattered by a single electron.
For a particular atom, this form factor varies only as a function of the scattering vector,
~S, and is assumed to be an atomic quantity that is not dependent on the environment and
hence holds for any crystal. This is reasonable as the core electrons are unaected and
make the same contribution to the electron density. The distribution of electron density
for dierent atoms can be highly accurately modelled by quantum mechanical calculations
and values of f as a function of scattering angle are tabulated in the International Tables
of Crystallography.[58]
The intensity of a diracted Bragg peak has two distinct contributions; the rst is the
contribution from the individual atoms in the unit cell (atomic form factor) and the second
is from the arrangement of these atoms within the unit cell. The intensity contribution
from the atom positions is known as the structure factor and is a function of all the
atomic coordinates within the unit cell. Considering two atoms in equivalent positions in
two neighbouring unit cells, oset al.ong the a direction, these atoms are separated by
a distance |a|, where is one lattice parameter. For a (h00) reection, the path dierence
between x-rays scattered by these two equivalent atoms is hλ and assuming purely elastic
scattering, the phase dierence is 2pih. By extension of this idea, the phase of an x-ray
elastically scattered by an atom at fractional coordinates x, y, z relative to the scattering
from an equivalent atom at the origin is 2pi(hx+ky+ lz). Combining the interference eect
due to this phase oset with the amplitude scattered by each atom, the overall amplitude
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of a wave diracted by the hkl planes is given by: f exp [2pii(hx + ky + lz). Summing this
over all the atoms in the unit cell gives the structure factor, F (hkl):
F (hkl) =
∑
n
fn exp [2pii(h
n
x + k
n
y + l
n
z )] (2.2)
It should be noted that the structure factor F(hkl) has both a resultant total amplitude
and a resultant total phase:
F (hkl) = F (hkl) exp [iϕ(hkl)] (2.3)
If all parts of the crystal scatter independently, the intensity of any wave is proportional
to the square of its amplitude (Eqn. 2.4). It is important to note that for a point, x,
in a reciprocal lattice which gives rise to a reection there will be a reection of equal
magnitude (the Friedel mate) for point −x and these will have the same amplitude but
will be pi out of phase. This is known as Friedel's law which states that the squared
amplitude is centrosymmetric, however the phase is antisymmetric. As only the intensity
is observable, the phase is lost and cannot be determined experimentally so the original
structure can not be directly reconstructed purely from a single scattering experiment.
I(hkl) = I(−h− k − l) ∝ F (hkl)2 (2.4)
As mentioned above, for any atom at fractional coordinates x, y, z in a crystal with
a centre of symmetry at the origin of the unit cell, there will be an equivalent atom at
−x,−y,−z. Thus, the structure factor of the crystal is:
F (hkl) =
∑N
n=1 fn exp [2pii(h
n
x + k
n
y + l
n
z )]
=
∑N
2
n=1 fn
{
exp [2pii(hnx + k
n
y + l
n
z )] + exp [2pii(−hnx − kny − lnz )]
}
Since exp iϕ+ exp−iϕ = 2 cosϕ:
F (hkl) =
N
2∑
n=1
2fn cos(2pi(h
n
x + k
n
y + l
n
z )) (2.5)
Since this is a real quantity, the phase of the reection, ϕhkl, is 0 or pi for a centrosym-
metric crystal and the phase problem condenses to ascertaining the signs of the structure
factors:
F (hkl) = ±F (hkl) (2.6)
2.3.1.2 Electron density
The structure factor given in Eqn. 2.2 assumes point scatterers in the unit cell. However,
the structure factor can also be calculated by considering the unit cell being occupied
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by a smoothly varying electron density and taking into account scattering of all volume
elements. If the electron density is ρ(x, y, z) then the scattering in volume V dxdydz is
ρ(x, y, z)V dxdydz. Thus:
F (hkl) =
∫ 1
0
∫ 1
0
∫ 1
0
dxdydzV ρ(x, y, z) exp [2pii(hx + ky + lz)] (2.7)
Assuming the structure is innitely periodic in all three dimensions, the electron den-
sity can be represented by a three dimensional Fourier series.
ρ(x, y, z) =
∑
h
∑
k
∑
l
C(h′, k′, l′) exp [2pii(h′x + k
′
y + l
′
z)] (2.8)
where C(h′, k′, l′) are the Fourier coecients.
For a centrosymmetric crystal it can be shown that this becomes:
ρ(x, y, z) =
1
V
∞∑
−∞
∞∑
−∞
∞∑
−∞
F (hkl) cos(2pi(hx + ky + lz) + ϕhkl) (2.9)
where the phase angle, ϕhkl, of the Bragg reection is either 0 or pi.
Although the amplitude of the Bragg reections can be measured, the phases cannot.
Determining these phases is essential to structure reconstruction but is not a trivial task.
The number of phase combinations (ϕ-sets) is 2n−2, where n is the number of the individual
Bragg reections obtained in the experiment. For example, if 10 Bragg peaks are observed,
the number of possible phase combinations becomes 256.
2.4 Synchrotron X-ray apparatus and analysis
All SAXS and time resolved pressure jump studies by small angle x-ray scattering (TR-
SAXS) experiments were carried out on the high brilliance ID02 beamline at the Euro-
pean Synchrotron Radiation Facility (ESRF), Grenoble, France and the high brilliance
I22 beamline at Diamond Light Source (DLS), Didcot, UK.. The synchrotron x-ray beam
was tuned to a wavelength of λ = 0.07514 nm (Energy = 16.5 keV), having beam dimen-
sions of approximately 200 µm by 400 µm at ID02 and 320 µm by 70 µm at DLS. The
sample to detector distance was set to 1.5 m and the diraction images were recorded on
an image intensied FReLoN Kodak CCD detector, having a frame rate of approximately
10 frames per second. A schematic of the beamline is shown in Fig. 2.3.
2.5 The high pressure sample cell
The eect of pressure on the phase behavior of the systems studied here was achieved
by using a pressure cell designed and built at the University of Dortmund. The pressure
cell has been designed for use at Synchrotron radiation facilities and allows time resolved
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Figure 2.3: Schematic of the ID02 beamline at the ESRF
Figure 2.4: Schematic of the pressure cell. 1.) Autoclave, 2.) Window holder, 3.) o-rings
sealing window, 4.) Diamond window, 5.) Window plug, 6.) Closure nut, 7.) High
pressure connection and 8.) Temperature jacket. Taken from [180].
pressure jump studies to be carried out. Pressure propagates through the sample in
approximately 5 to 7 milliseconds and bidirectional pressure jumps can be carried out. A
schematic of the cell is shown in Fig. 2.4.
The cell is made out of a stainless steel Ni-Cr-Co alloy and hydrostatic pressures
of between 1 and 3000 bar (± 10 bar) were attained via a manual pump acting on a
reservoir of water. The temperature is regulated by a computer controlled thermostat (±
0.2
o
C) which is linked to pressure cell's temperature jacket. A detailed description of the
apparatus [180] and experimental technique [176] can be found elsewhere.
There are two pressure sensors in the system, one inside the experimental hutch where
the sample resides and one outside. To undertake a pressure jump the sample is set to a
desired pressure and isolated and then a second pressure is set. A valve connecting the two
pressures is then opened, which triggers the x-ray shutter to open. Pressure propagates
rapidly through the sample and as described above, pressure jump and data acquisition
occur simultaneously. All pressure jumps was triggered by a TTL pulse on the acquisition
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Figure 2.5: AXcess software for the analysis of x-ray diraction patterns. Taken from
[99].
of the 3
rd
image.
2.6 Image analysis
All SAXS images were analysed using the IDL-based software called AXcess, developed
in house by Dr. Andrew Heron.[68, 137] For all measurements, the system was calibrated
using silver behenate which is a known callibrant with characteristic d-spacing (a = 58.4
Å).[71]
The analysis of data is shown in Fig. 2.5.
Fig. 2.5 a shows a SAXS pattern from the lamellar phase of silver behenate. The
system is calibrated using silver behenate which is a known callibrant with characteristic
d-spacing 58.4 Å.[71] The program nds the centre of the pattern which is then radially
integrated (buttery integration) to generate a linear intensity plot (Fig. 2.5 b). Each
peak in the linear intensity plot is tted, within pre-specied constraints, to the desired
functional form, such as a modied Gaussian. Many linear intensity plots can be `stacked'
on each other to generate a stack plot (Fig. 2.5 c). Stack plots help to visualize phase
transitions. The resulting peaks are indexed and tted (Fig. 2.5 d). The d-spacing,
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height and half width of each peak can then be extracted (Fig. 2.4 e).[137] The intensity
(arbitrary units) of each peak was calculated by multiplying the height of the peak by its
half width.
Chapter 3
A new lyotropic liquid-crystalline phase
for lipids
A 3-D hexagonal inverse micellar phase, belonging to the space group P63/mmc, formed
by the self-assembly of two lipids and a sterol in water, has been discovered. Detailed
analysis of the phase conrmed that it is a centrosymmetiric, highly curved phase, with a
structure based upon a hexagonal close packing (hcp) of identical quasi-spherical inverse
micelles.[171, 147] The discovery of this novel phase in lipid systems is of great importance,
as it has taken more than two decades for a new phase adopted by lipids to be discovered.
Moreover, this is the rst well established example of a lyotropic phase based upon ordered
packing of identical inverse micelles.
3.1 Background
As mentioned in Chapter 1, many lipids form inverse (water in oil) liquid-crystalline
phases where the interface curves towards the polar region. Lipids with a very high
tendency for inverse interfacial curvature may form structural elements with a spherical
topology, where a core of water is enclosed by lipid head groups. This structure is known
as an inverse micelle and in some cases these micelles are found to interact suciently to
become xed in specic lattice sites.
DAG is a type II lipid, as such it will inherently tend to adopt inverse phases and
its ability to promote lamellar to HII transitions has been extensively documented.[95,
137] Moreover, two cubic phases have been discovered in DAG - phospholipid mixtures,
namely the discontinuous Fd3m phase [97, 132] and the bicontinous Pn3m phase.[113] The
adoption of such cubic phases has been implicated in the processes of membrane fusion
and ssion (see Chapter 1).
The Fd3m phase was discovered and its cubic nature elucidated, by Tardieu [165] in
1972 in a mixture of lipids extracted from Pseudomonas uorescens. This phase was later
observed in simple mixtures such as monoolein and oleic acid in water independently by
Luzzati and by Seddon.[132, 101] Since this breakthrough no new lyotropic lipid phases
have been discovered.
Seddon and co-workers have now observed the Fd3m phase for a number of dierent
systems including sodium oleate:oleic acid (≈ 3:7) [133] and DOPC:DOG (1:2) [132] in ex-
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Figure 3.1: Temperature composition phase diagram for DOPC - DOG (cDOG = 0.60).
Taken from [135].
cess water. However, they additionally observed peculiar phase behaviour in DOG : DOPC
and DOG : DOPE (cDOG ≈ 60 wt %) mixtures under limited hydration conditions.[135]
Between 10 and 20 wt% water for the DOPC - DOG system and between 10- 14 wt% wa-
ter for the DOPE - DOG systems, an optically isotropic phase appears (Fig. 3.1), which
has previously been designated the X phase as experimental data was not consistent with
an existing lyotropic lipid phase.
Small angle X-ray diraction results from the `X-phase' showed too few independent
reections to give an unambiguous phase determination; however freeze-fracture electron
microscopy and electrical conductivity studies suggested that the structure consisted of a
non-cubic packing of inverse micelles.[135]
3.2 Solving the structure of the unknown phase found
in DOPC: DOG: CHOL 1:2:1 mixtures
Numerous attempts to reproduce the `X-phase' under limited hydration conditions (either
by adding water directly to the dry lipid sample or by osmotically stressing the sample
in order to remove the required amount of water) were futile. However, a surprising
SAXS pattern was observed for a DOPC: DOG: CHOL 1:2:1 mixture in excess water
after subjecting the system to at least ve pressure cycles (Fig. 3.2). A series of Bragg
peaks were observed; the ratio between the Bragg peaks did not correspond to any of the
phases known to be adopted by lipids thus far, additionally, the rst three of these peaks
correspond closely to those seen by Seddon for the `X-phase'.
The relative Bragg peak positions remained constant as a function of temperature
and pressure within the unknown phase region, suggesting that the diraction peaks all
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Figure 3.2: (a) SAXS diraction pattern of the 3-D hexagonal close-packed inverse micellar
phase formed with DOPC:DOG:cholesterol 1:2:1 in excess water at 36.6
o
C and 600 bar
pressure, where the crossed lines visible close to the beamstop are Kossel lines from the
diamond windows of the sample cell (b) Integrated 1-D intensity plot of the diraction
pattern showing the intensity of the individual Bragg reections along with their assigned
Miller planes.
originate from a single phase. Moreover, whilst carrying out time resolved pressure jump
studies by small angle x-ray scattering (TRSAXS), all the peaks of the X-phase appeared
at the same time and grew at the same rate, conrming that it is a single coherent phase
rather than multiple domains from other phases (see Chapter 6).
The CHECKCELL [91] program was one of several tools used to solve the structure of
this unknown phase. This was achieved by inputting the positions of each observed Bragg
peak into CHECKCELL and attempting to match these to calculated positions based on
varying space groups and lattice parameters. As seen in Fig. 3.2, the peaks indexed as
020 and 021 are slightly masked under peak 112 and consequently were deconvoluted in
order to resolve them (Fig. 3.3).
Our initial focus was on cubic symmetry space groups, none of these were found to be
compatible with the observed reections (Fig. 3.2 b) however we noted that there was a
systematic absence of hhl and 00l reections with odd l indices. These reection condi-
tions correspond to the extinction symbol P−−c, for which there are only ve possible
space groups. Three of these space groups are hexagonal: P-62c, P63m and P63/mmc.
Hexagonal space groups have the same reection conditions as trigonal groups and as a
result two trigonal space groups, namely P3c1 and P-31c, were also found to t our data.
The positions of the observed reections are consistent with any of these space groups.
Some CHECKCELL examples of working through space groups with hexagonal sym-
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Figure 3.3: Deconvoluting peaks 020, 112 and 021 using a Gaussian function.
Figure 3.4: CHEKCELL t to experimentally determined Bragg reections to space group
P6. The top part of the gure represents the experimentally determined reections and
the bottom part represents the allowed reections for spacegroup P6. The axis separating
the two are values of 2θo.
metry are shown below. Fig. 3.4 shows a t to the space group P6. The top part of the
gure represents the experimentally determined Bragg reections of the sample and the
bottom part shows the allowed Bragg reections for the space group P6. It should be
noted that the Bragg peak between peaks 6 and 7 shown at the bottom is also present in
our sample, but is masked under peak 7; these peaks were deconvoluted as shown in Fig.
3.3.
Taking into account that the peak between peaks 6 and 7 is present, although partly
masked by peak 7, it is obvious that there are no absences in the peaks, however we have
three extra ones (001, 003 and 111) predicted.
An example of tting the experimental data to the space group P6222 is shown in Fig.
3.5. There are two absences in this space group; 002 and 004. Moreover, we have two
additional peaks, 003 and 111. Bragg reections for liquid crystalline phases are always
very weak for high hkl indices due to their innate short range disorder, however the peaks
missing here have low hkl indices and therefore we would expect to see them.
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Figure 3.5: CHEKCELL t to experimentally determined Bragg reections to space group
P6222. The top part of the gure represents the experimentally determined reections
and the bottom part represents the allowed reections for space group P6222. The axis
separating the two are values of 2θo.
(a) (b)
Figure 3.6: CHEKCELL t to experimentally determined Bragg reections to spacegroup
P-62c (a) and P63/mmc (b). The top part of the gure represents the experimentally de-
termined reections and the bottom part represents the allowed reections for spacegroups
P-62c (a) and P63/mmc (b). The axis separating the two are values of 2θ
o
.
As mentioned previously, ve space groups were found to t our experimental data;
three hexagonal space groups (P-62c, P63m and P63/mmc) and two trigonal space groups
(P3c1 and P-31c). Some of the ts to the aforementioned space groups are shown in Fig.
3.6.
Taking into account that the peak between peaks 6 and 7 is there just partly masked
by peak 7, it is obvious that there are no absences and no additional peaks are present.
Previous work [135] tentatively suggested that the X-phase could be a 3-D hexagonal
phase, as a result indexing of the reections (Fig. 3.2 b, Table 3.1) was achieved assuming
a 3-D hexagonal unit cell which xes the unit cell angles as α = β = 90o and γ = 120o,
additionally, the unit cell vectors are constrained to |a| = |b| 6= |c|.
The spacing between Miller planes (d) corresponding to each observed X-ray reection
is a function of the assigned Miller indices (h, k and l) and unit cell parameters. The 3-D
hexagonal interplanar spacings are given by,
1
d2hkl
=
4
3
(
(h2 + k2 + hk)
a2
)
+
l2
c2
. (3.1)
An iterative programme was written in IDL (ITT Visual Information Solutions, Berk-
shire, UK) to t the a and c unit cell parameters. The resulting a and c parameters
obtained were 71.51 Å and 116.5 Å respectively.
The reection conditions for this space group are as follows: hh2~l : l = 2n or (hkil) =
(hh2~2n+ 1) where i = −h− k
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Figure 3.7: Sketch of a hexagonally closed packed (hcp) unit cell showing the a, b and c
unit cell parameters and the α, β and γ angles in the structure.
The reection conditions for this space group state that a peak will be absent if both
of the conditions, h + 2n = 3N and l is odd, are satised. This is consistent with the
observed reections in our sample (for e.g. why we see the 013 but not the 031 or the 111
planes).
The trigonal space groups (P3c1 and P-31c) have the same reection conditions as the
hexagonal ones and are therefore indistinguishable from systematic absences using powder
diraction data; however the relative intensities for each peak can help elucidate the
correct space group determination. It was found that the experimental peak intensities are
signicantly dierent to those expected for trigonal symmetry and consequently trigonal
space groups were disregarded as possible symmetry candidates.
All three hexagonal space groups, P-62c, P63m and P63/mmc, give the same pow-
der reections and cannot be absolutely distinguished experimentally without forming
a monodomain sample. However, P63/mmc was chosen as the correct space group for
our structure based on a number of factors. It is common practice with lyotropic liquid
crystal systems to assign the space group with the highest symmetry [101] and here the
P63/mmc space group corresponds to the highest symmetry possible. Furthermore, due
to the physical nature of our system, it reasonable to assume that it would adopt a close
packed, compact structure, of inverse micelles, further pointing to the hexagonally close
packed (hcp) structure of the P63/mmc space group. The c/a lattice parameter ratio is
1.629 which is extremely close to the theoretical value for a hcp structure formed by close
contacting packing of hard spheres: c/ahcp =
√
8
3
≈ 1.633, further justifying our choice of
space group.[100, 22] The expected reection positions and intensities for the P63/mmc
space group for a packing of spheres have been simulated using the CrystalDiract software
package (Fig. 3.8).[92] The intensities of the simulated Bragg peaks closely match those
obtained experimentally. The relative intensities for each Bragg peak were also found to
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Figure 3.8: A simulation showing the expected integrated intensity plot for space group
P63/mmc space, with lattice parameters a=71.52 Å and c=116.49 Å and the correspond-
ing Miller plane for each peak for the space group P63/mmc, determined using CrystalD-
iract for a packing of spheres. c.f the experimental intensities in Fig. 3.2
be similar to those previously published for the type I micellar P63/mmc lyotropic phase
observed in a non-ionic surfactant system,[100] where identical quasi-spherical micelles
are surrounded and separated by a continuous water region.
Although the symmetry does not give information about the exact structure, due to
the nature of our system and the close similarity to both the simulated and published
experimental intensity proles, it is reasonable to assume that our inverse P63/mmc phase
consists of an hcp packing of identical quasi-spherical inverse micelles.
As mentioned earlier, each Bragg reection for a hexagonal structure can be indexed
using the hexagonal interplanar spacing equation, and using the c/a ratio value, all pos-
sible hkl combinations permitted by the structure factor can be determined. Although
this is a valid method which is commonly used to index a hexagonal pattern, it can some-
times be problematic as peaks can accidently be missed out if a reection is too weak
and hence osetting the hkl values. In order to conrm that each Bragg reection has
been correctly assigned to its corresponding Miller plane, an analytical method can also
be used. Combining Eqn. 3.1 with Bragg's law (nλ = 2d sin θ) yields,
sin2 θ =
λ2
4a2
{
4
3
(h2 + k2 + hk) +
l2
(c/a)2
)
}
(3.2)
The a and c parameters are constant as they are determined by the crystal, λ is a
constant as it is xed experimentally, consequently even though the angle θ varies with
values for hkl, the ratio between the two varies as to remain constant. Hence we can
write:
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Peak θ/o sin θ sin2 θ sin
2 θ
3
sin2 θ
4
sin2 θ
7
sin2 θ
9
hkl
1 0.348 0.006065 3.6784x10−5 1.23x10−5 9.20x10−6 5.25x10−6 4.09x10−6 100
2 0.37 0.006458 4.1702x10−5 1.39x10−5 1.04x10−5 5.96x10−6 4.63x10−6
3 0.393 0.006859 4.70x10−5 1.57x10−5 1.18x10−5 6.72x10−6 5.23x10−6
4 0.507 0.00884 7.81x10−5 2.60x10−5 1.95x10−5 1.12x10−5 8.68x10−6
5 0.602 0.010498 0.000110207 3.67x10−5 2.76x10−5 1.57x10−5 1.22x10−5 110
6 0.654 0.011414 0.000130284 4.34x10−5 3.26x10−5 1.86x10−5 1.45x10−5
7 0.699 0.012208 0.000149042 4.97x10−5 3.73x10−5 2.13x10−5 1.66x10−5 020
8 0.707 0.012339 0.000152255 5.08x10−5 3.81x10−5 2.18x10−5 1.69x10−5
9 0.7185 0.01254 0.000157248 5.24x10−5 3.93x10−5 2.25x10−5 1.75x10−5
10 0.739 0.012889 0.000166124 5.54x10−5 4.15x10−5 2.37x10−5 1.85x10−5
Table 3.1: SAXS data for the sample used to determine the quotient A, where hkl are
Miller indices and θ is the experimentally determined scattering angle for each peak.
sin2 θ = A(h2 + k2 + hk) + Cl2 (3.3)
where A = λ
2
3a2
and B = λ
2
4c2
.
Since h2 + k2 + hk values adopt values such as 0, 1, 3, 4 ... and l2 values adopt 0, 1,
4, 9 ... the observed reections can be divided by these values and a common quotient
can be determined. The common quotient A, which is used to determine the hk0 type
reections, was found to be 3.67 ×10−5 (Table 3.1) and the value for C, used to determine
the 00l type reections, was found to be 1.04 ×10−5 (Table 3.2). Table 3.3 summarises
the combinations of A and C which were used to index the diraction pattern.
The experimentally determined parameters for the new phase are summarised in Table
3.4 and are compared to the calculated parameters. The observed intensities are given as
a percentage of the most intense reection.
The relative intensities have been corrected by a factor of q2 (Lorentz correction),[79]
to take account of the SAXS geometry: the reciprocal lattice points in a powder sample are
smeared over a spherical surface with area proportional to q2, however this only intersects
the Ewald sphere, and hence only diract along a ring with length proportional to q giving
rise to a correction factor of q. Further, full power diraction ring patterns are recorded
on a 2-D detector but conventionally during radial integration to give a 1-D diraction
plot, data are normalised to q so results are comparable with those obtained using a linear
detector, this gives a further correction factor of q. Combining these two considerations
gives the full Lorentz correction.
The experimentally determined d-spacings are in very close agreement to the calculated
values. Due to all the above arguments, it can be concluded that the DOPC:DOG:CHOL
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Peak θ sin2 θ sin2 θ − 2A sin2 θ − 3A hkl
1 0.348 3.6784 x10−5
2 0.37 4.1702 x10−5 4.92x10−6 002
3 0.393 4.70x10−5 1.02631x10−5
4 0.507 7.81x10−5 4.14x10−5 012
5 0.602 0.000110207 7.34x10−5
6 0.654 0.000130284 9.35x10−5 1.99x10−5
7 0.699 0.000149042 0.000112258 3.87x10−5
8 0.707 0.000152255 0.000115471 4.19x10−5 112
9 0.7185 0.000157248 0.000120464 4.69x10−5
10 0.739 0.000166124 0.00012934 5.58x10−5 004
Table 3.2: SAXS data for the sample used to determine the quotient C, where hkl are
Miller indices and θ is the experimentally determined scattering angle for each peak.
Peak θ sin2 θobs A+C sin
2 θcalc hkl
1 0.348 3.6784 x10−5 1A + 0C 3.68x10−5 100
2 0.37 4.1702 x10−5 0A + 4C 4.16x10−5 002
3 0.393 4.70x10−5 1A + 1C 4.72x10−5 011
4 0.507 7.81x10−5 1A + 4C 7.83x10−5 012
5 0.602 0.000110207 3A + 0C 0.000110391 110
6 0.654 0.000130284 1A + 9C 0.000130483 013
7 0.699 0.000149042 4A + 0C 0.000147131 020
8 0.707 0.000152255 3A + 4C 0.00015204 112
9 0.7185 0.000157248 4A + 1C 0.000157686 021
10 0.739 0.000166124 0A + 16C 0.000166574 004
Table 3.3: Indexing of the diraction pattern using the previously determined quotients A
and C, where θ is the experimentally determined scattering angle for each peak, sin2 θobs
and sin2 θobs are the experimentally determined and calculated sin
2 θ values respectively
and hkl are the Miller indices assigned.
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hkl S2 = 4
3
(h2 + k2 + hk)
1
2 + I
2
R2
Intensity I(q)q2 dexp(A˚) dcal(A˚) θexp (
o
) θcal
o
)
010
4
3
26.7 61.97 61.93 0.695 0.695
002
4
R2
35.3 58.15 58.25 0.74 0.739
011
4
3
+ 1
R2
100 54.74 54.69 0.786 0.787
012
4
3
+ 4
R2
2 42.49 42.43 1.013 1.014
110 4 7 35.8 35.76 1.203 1.204
013
4
3
+ 9
R2
39.1 32.92 32.9 1.308 1.309
020
16
3
27.6 30.78 30.97 1.399 1.39
012 4 + 4
R2
34.7 30.46 30.47 1.414 1.413
021
16
3
+ 1
R2
21.2 29.96 29.93 1.437 1.439
001
16
R2
5.3 29.16 29.12 1.477 1.479
022
16
3
+ 4
R2
1 27.36 27.34 1.574 1.575
014
4
3
+ 16
R2
2.5 26.33 26.35 1.635 1.634
114 4 + 16
R2
1.5 22.64 21.76 1.902 1.979
015
4
3
+ 25
R2
2.1 21.76 21.81 1.978 1.974
Table 3.4: SAXS data for the sample, where hkl are Miller indices, Iq(q
2
) are the corrected
Lorentz intensities, dexp is the experimentally determined d-spacing of each peak, dcalc is
the calculated d-spacing of each peak for the hexagonal system, 2θexp is the experimentally
determined scattering angle for each peak and 2θcalc is the calculated scattering angle
for each peak of the hexagonal system. For S2(= 1/d2) the following relation is used:
1
d2
hkl
= 1
d2
(h2 + k2 + hk) + l
2
c2
= 1/a2 4
3
(h2 + k2 + hk) + l
2
R2
= S
2
a2
where R is the ratio of c/a.
Here a value of a = 71.5 Å and c = 116.5 Å was used.
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(a) (b)
Figure 3.9: Plan (a) and perspective (b) views of the schematic structure (space group
P63/mmc), which consists of an hcp packing of identical quasi-spherical inverse micelles.
The spheres represent the polar regions (water cores plus lipid headgroups), and the
remaining uid volume is lled by the hydrophobic regions of the lipid molecules. The
identical water cores have diameters in the region of 20 - 25 Å. The dierent colour shading
of the two identical layers is simply for clarity.
1:2:1 system adopts a hexagonally closed packed structure (Fig. 3.9), having a unit cell
consisting of two identical inverse micelles at positions (1/3, 2/3, 1,4) and (2/3, 1/3,
3/4).[147, 79]
In the hcp structure, each micelle is surrounded by another twelve, resulting in the
densest possible packing of spherical units (Kepler's conjecture, 1611), the packing fraction
for an hcp structure is approximately 0.74048. The self-assembled micelles form layers
perpendicular to the c direction and within these layers, the micelles are packed in a 2-D
hexagonal lattice which again is the densest possible packing in a plane. When the layers
are stacked upon each other they are oset laterally so each micelle in one layer is in
the centre of three micelles in the layers immediately above and below it when viewed
normal to these planes (Fig. 3.9); this gives an ABA stacking. By inspection of Fig. 3.9
it can be seen that there are voids present in the hcp structure. For every inverse micelle
there is one gap surrounded by six spheres; three in one layer and three in another layer
above or underneath it, creating an octahedral hole (or octahedral void). For each inverse
micelle there are also two smaller gaps formed between four micelles; three micelles in
one layer and one in a layer above or underneath it, creating a tetrahedral void. The 6
micelles surrounding the octahedral void and the 4 micelles surrounding the tetrahedral
void lie at the corners of a regular octahedron and tetrahedron respectively (Fig. 3.10).
However, since no voids can be present, the hydrocarbon chains will have to deviate away
from preferred conformation in order to ll in the void volume. Additionally, the packing
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Figure 3.10: (1) a tetrahedral void, (2) a tetrahedron, (3) an octahedral void, (4) an
octahedron.
frustration can be relieved by the polar / non-polar interface of the micelle becoming
faceted, by deforming its shape from a circle to a hexagon.
As mentioned earlier, symmetry does not give an indication about structure and it
would be of importance to prove that the type II P63/mmc phase seen here does in fact
consist of periodic packing of identical quasi-spherical inverse micelles. Although electrical
conductivity measurements and freeze-fracture electron microscopy have already been
carried out on the DOPC: DOG system at limited hydration [135] that suggested that
the structure of the phase consists of a non-cubic packing of inverse micelles, it would be
interesting to prove the structure of the P63/mmc phase by reconstructing the electron
density map for the phase. Reconstructing the electron density was attempted by rstly
trying to reconstruct the electron density of the type I P63/mmc phase using data from
Zeng et al. [100] and consequently apply the same method to the Type II P63/mmc phase
seen in our work. Unfortunately attempts to reconstruct the maps were not successful.
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The attempted map using data from Zeng et al. was computed as described in Chap-
ter 2 and, as with the 2-D hexagonal phase, a transformation was applied to the x and y
axis in order to convert from hexagonal to Cartesian coordinates. Although the structure
looks correct when viewed in 2-D (Fig. 3.11 d) from the top (i.e. looking down the c
axis), suggesting we are close to constructing the electron density map, the 3-D recon-
struction (Fig. 3.11 b) does not look correct when compared to the reconstruction of the
Type I P63/mmc phase by Zeng (Fig. 3.11 A). However, it is slightly unusual that the
reconstruction of the Type I phase consist of perfectly spherical micelles.
Zeng et al. [100] have calculated the form factor of the type I micelles using a core-shell
model, however all their measured Bragg peaks were located within the second oscillation
of the form factor curve and as a result the phase contribution from the form factor is
the same. This is slightly unusual as you would expect a dierent phase contribution for
some of the peaks. Indeed, by examining the attempted electron density reconstruction
(Fig. 3.11 b), it appears the problem with the map is at every second layer, indicating it
might be a phasing problem. An attempted re-phasing using +++−−−+++− instead of
the phasing used by Zeng et at. (++−−−++++−) yielded a better resolved, although
still awed, map (Fig. 3.11 c). Work is on-going to improve the precision of the electron
density map of the P63/mmc phase.
The discovery of this new novel, highly curved phase in lipid systems is of great
importance, as it has taken more than two decades for a new phase adopted by lipids to be
discovered. More importantly, this is the rst well established example of a lyotropic phase
based upon an ordered packing of identical inverse micelles. Type II lipids play a vital
important role in regulating the dynamics and function of a huge number of membrane
proteins and are essential for enabling lipid based drug/gene delivery systems to fuse with
the cell membrane. Since this phase is stable in excess water, it has the potential to be
extremely useful in biological or biomedical applications, such as the storage and slow
controlled release of drugs, with precise pharmacokinetics. Each micelle in this phase
(with each micelle having a volume in the order of a few zemptoliters) could also be used
as a nanoreactor, having chemical or biochemical reactions taking place in nearly identical
aqueous compartments. Additionally technological applications can be envisaged where
each micelle in this phase could encapsulate a nanoparticle, with each one separated by
a small, low permittivity hydrocarbon region, which might give rise to highly attractive
optoelectronic properties.[40, 147]
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(a) (b)
(c) (d)
Figure 3.11: a) Reconstructed electron density map of the Type I P63/mmc phase taken
from [100]. b) Attempted electron density reconstruction using the amplitudes and phas-
ing (++− − −++++−) from[100]. c) Attempted electron density reconstruction using
the amplitudes from [100] but changing the phasing to +++−−−+++−. d) 2-D contour
plot of the hcp phase viewed along the c axis.
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3.3 A comparison of the P63/mmc phase with the Fd3m
phase
There are a number of ways a system can undergo a phase transition, spinodal decom-
position, nucleation and growth or via a Martensitic transformation.[139, 89] In spinodal
decomposition the system separates into dierent phases with dierent concentrations,
without going through a nucleation step. Nucleation and growth involves the nuclei of
the new phase to form at random sites followed by growth of the new phase at a faster
rate. Both nucleation and growth are diusion controlled; however for the nucleation
step to take place the system needs to overcome an energy barrier. If the molar free en-
ergy of mixing prole has areas of negative curvature then the system will transform via
spinodal decomposition, whereas if there are areas of positive curvature then the system
will transform via a nucleation and growth mechanism. Martensitic transformations are
military transformations, meaning that molecular diusion does not take place during the
transformation to a new phase. In a Martensitic transformation the molecules move in a
coordinated manner and as a result there is a specic orientational relationship.[14] For
example, the way an hcp structure transforms to a face centre cubic (fcc) structure and
vice versa is via a Martensitic transformation. Martensitic transformations are thought
to be important for lipid systems as many geometrical relationships between particu-
lar lattice planes have been discovered. However, all these transformations are derived
from theory and it is thought that, on the whole, the mechanism of transformation is an
intermediate between the ones described above.
It is unclear why the Fd3m phase, with a distorted face- centred cubic (fcc) packing,
is more prevalent in inverse lyotropic systems than the P63/mmc phase and why an hcp
phase forms in preference to an fcc phase and vice versa, even for hard spheres.[100] A
handful of examples of systems adopting an hcp packing of micelles in water are known.
It has been observed in a mixture of a C12EO8 surfactant with water [100, 22, 156] and
in a P123/ethanol/water system.[156] Additionally, the P63/mmc phase has been found
in self-assembled soft micelles from silicate/surfactant systems.[170]
The only dierence between the two phases is in their stacking sequence of their planes
and the local environment of the micelle, resulting in a minimum free energy dierence
between the two phases. However, it should be noted that the Fd3m consists of a packing
of two dierent-sized spherical inverse micelles, whereas the P63/mmc phase contains
only a single size of spherical inverse micelle. In an fcc phase, the hexagonal layers are
stacked in an ABC fashion, resulting in a cubic structure, while in an hcp phase the
hexagonal layers are stacked in an ABA fashion, resulting in a 3-D hexagonal structure.
Studies have shown that the stacking entropy of the hcp phase is very slightly smaller
than the fcc phase,[100, 103, 107] however the dierence is minute and the relative rates
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Figure 3.12: (a) 100 plane with rectangular symmetry (point group p2gm). (b) 001 plane
with hexagonal symmetry (point group p6mm). The spheres shown here are micelles,
the highlighted red area shows the plane and the white lines connecting the atoms are
showing the unit cell.
of transformation must play an important role. The packing fraction for the P63/mmc is
74% but only 71% for the Fd3m clathrate structure, suggesting a higher degree of packing
frustration for the latter phase. However, such packing fractions are only relevant for hard
spheres, uid interfaces may be deformed (this is known for the Fd3m phase) potentially
producing a packing fraction approaching 100%. This suggests that such deformations of
the micelles might play a central role in the relative stability of these two phases. Studies
have shown that these structures are related; a slight change in the number of ethyloxy
groups in C12EOx mixtures in water determine if an hcp or fcc phase is adopted.[22, 126]
Seddon and co-workers [135] examined this X-phase by freeze-fracture electron mi-
croscopy and their results showed that its structure is based on a non-cubic packing of
inverse micelles. They found that one of the planes of the X-phase was very similar to the
111 plane of the Fd3m phase. This nd strengthens the correct assignment of the new
phase. There are three special projections, corresponding to two-dimensional crystallo-
graphic groups, for space group P63/mmc. Along the [100] and [210] directions the planes
have rectangular symmetry and along the [001] direction the plane adopts a hexagonal
(point group p 6 m m) symmetry (Fig. 3.12).
The 111 plane of the Fd3m phase also adopts the same hexagonal symmetry (point
group p 6 m m) as the P63/mmc phase does along the 001 plane. As a result, it is very
likely that these phases are related by restacking transition along the [001] plane of the
P63/mmc phase and the [111] plane of the Fd3m phase. This Martensitic transformation
occurs in hard spheres where the ABA type of stacking in an hcp structure transforms
to an ABC type of stacking and thus adopts the fcc structure, and vice versa. However,
it should be noted that the phase transition must be more complex, as the Fd3m phase
consists of a packing of two dierent-sized spherical inverse micelles, whereas the P63/mmc
phase contains only a single size of spherical inverse micelle.
Chapter 4
Phosphatidylcholine:Diacylglycerol
mixtures -
equilibrium phase behaviour
Over a range of hydrations, unsaturated diacylglycerol/phosphatidylcholine mixtures can
adopt an inverse micellar cubic phase, of crystallographic space group Fd3m above a
certain temperature. Hydrated DOPC:DOG mixtures with a molar ratio close to 1:2
were examined as a function of hydrostatic pressure and temperature, using synchrotron
x-ray diraction. The small-angle diraction pattern obtained at atmospheric pressure
was used to calculate 2-D sections through the electron density map.[172]
Data from SOPC:SOG and DSPC:DSG mixtures in excess water are presented, which
were studied in order to investigate the inuence of unsaturation in the 18 carbon-long
chain had an inuence on the phase behaviour of the system, and preliminary data from
a mixture of DPPC:DPG in excess water was also investigated in order to investigate the
eect of chain length on the phase behaviour of the system.
4.1 Background
As described in Chapter 1, lipids with small, weakly polar headgroups and multiple,
long alkyl chains have a tendency to adopt inverse phases with increasing temperature.
Starting from a system that adopts a at uid lamellar phase, the inverse bicontinuous
cubic, then HII may be induced by varying any parameter that tends to favour inverse
curvature (such as increasing temperature, increasing number or degree of unsaturation
in the lipid hydrocarbon chain). [144]. In extreme cases, some very weakly amphiphilic
lipids may adopt even more highly negatively-curved phases, such as the inverse micellar
phases observed here.
The limiting hydration of the Fd3m cubic phase of DOPC:DOG has been determined
to be 20 - 25 wt% water,[76] with a lattice parameter at full hydration close to 150
Å. As described in Chapter 3, ordered inverse micellar phases such as the Fd3m and
P63/mmc phases have clear potential in nanomedicine as vehicles for the slow release of
water-soluble drugs and more generally, they could nd applications as ordered arrays of
isolated aqueous nanoreactors. Recently they have been used to template mesocaged cubic
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Fd3m silica monoliths, which have been developed as carriers for optical chemosensing of
waste water pollutants such as bismuth ions.[33]
Although several studies have focussed their attention on DAG containing systems and
the eect of temperature on their phase behaviour [171, 30, 175, 174, 74, 151, 88, 57, 135,
5, 95, 81, 65, 113, 154, 120] very few studies have investigated the eect of pressure. Here,
the eect of pressure and temperature on the equilibrium phase behaviour of PC:DAG
mixtures has been investigated using synchrotron small angle x-ray scattering. Varying
pressure and temperature allows two dimensions in phase space to be explored and can
provide information that would not otherwise be accessible.[31] The eect of increasing
pressure on lipid phase behaviour tends to oppose that of temperature; pressure promotes
any chemical or physical change that results in a volume reduction[108] and hence an
increase in pressure tends to stabilise phases with low curvatures, since hydrocarbon
chains occupy lower volumes as they become conformationally more ordered (see Chapter
1).
4.2 DOPC:DOG 1:2 equilibrium phase behaviour
4.2.1 X-ray data and electron density maps
As mentioned in Section 4.1 fully hydrated unsaturated diacylglyc-
erol/phosphatidylcholine mixtures are found to adopt an inverse micellar cubic
phase, of crystallographic space group Fd3m. Here, hydrated DOPC:DOG mixtures
with a molar ratio close to 1:2 were examined over a large pressure range, at a number
of temperatures, using synchrotron small-angle x-ray diraction. A typical diraction
pattern of the Fd3m phase obtained at 16
o
C and 1 bar is shown in Fig. 4.1 a. The
quality of the data is signicantly higher than those previously obtained using laboratory
X-ray sources. A radial integration about the centre of the pattern is presented in Fig.
4.1 b, showing the intensities of the individual Bragg reections, along with their assigned
Miller indices. A total of 13 reections are observed, which index as the 111, 220, 311,
222, 400, 331, 422, 333/511, 440, 531, 620, 533 and 622 reections of a cubic phase of
cubic aspect 15 (Fd3m/Fd3), assumed to be spacegroup Fd3m ,[58, 122] with a lattice
parameter of 133.3±0.1 Å.
Based on previous data of lattice parameter versus water content,[135] the estimated
water content of the sample is close to 19 wt%, or slightly below limiting hydration (Fig.
4.2 a). It should be noted that the sample made up was originally intended to consist
10% water and this discrepancy is dicussed later. The DOPC:DOG swelling curve was
attempted to be reproduced partially at 25
o
C (Fig. 4.2 b). At 15 wt% water, the sample
adopts an Fd3m phase with a lattice parameter of 144.5 Å and at 30 wt% water the
lattice parameter reaches a limiting value of 152 ± 1 Å which remains constant beyond
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(a) (b)
Figure 4.1: (a) Low-angle synchrotron X-ray diraction pattern from the Fd3m cubic
phase of hydrated DOPC/DOG; (b) the integrated 1-D pattern, along with the indexing
of the Bragg peaks. The inset shows the zoomed-in region of the integrated 1-D pattern
beyond peak 440.
this point, with the lattice parameters of the samples at higher hydrations uctuating
about this equilibrium value. Controlling the hydration of the samples proved to be
problematic, due to DOPC being highly hygroscopic. Moreover, the sample holders cannot
seal perfectly under high pressure and so by pressure cycling the sample some water may
be absorbed by the sample over time hence changing sample hydration. At 0 wt% H2O,
the sample adopts an L2 phase at 25
o
C with a d-spacing of 30.9 Å, in agreement with
literature.[135] It should be noted by pressurizing the sample to 2000 bar, the anhydrous
sample transforms to an L2 phase coexisting with a DOG ordered lamellar phase (a =
38.5 Å).
The indexing of the diraction data is shown in Fig. 4.3, as a plot of the reciprocal
d-spacings (
1
dhkl
) versus m =
√
h2 + k2 + l2. For a correctly-indexed cubic phase, such a
plot should be linear, with a gradient equal to the reciprocal of the lattice parameter of
the phase, and should pass through the origin. The t is excellent, and the gradient of
the line yields the lattice parameter quoted above (a = 133 Å).
The relative intensity for each of the 13 Bragg peaks along with their Miller indices
are listed in Table 4.1. The observed intensities, corrected by a factor of q2 (Lorentz
correction),[79] to take account of the SAXS geometry, are scaled as percentages of the
most intense (311) reection. The observed intensities were used to construct an elec-
tron density map using the approach previously described by Luzzati and co-workers for
the Fd3m phase of Monoolein (MO):Oleic acid (OA) and DOPC:DOG.[97, 102, 101, 27]
The Lorentz corrected, normalised intensities were corrected by the appropriate multi-
plicity factor for each reection, and converted to structure factor moduli (|Fhkl|) (Table
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Figure 4.2: (a) Hydration plot of the Fd3m cubic phase of DOPE:DOG (CDOG = 0.60)
at 25
o
C (taken from [135] (b) Hydration plot of the Fd3m cubic phase of DOPC:DOG
1:2 at 25
o
C.
Figure 4.3: The observed reciprocal spacings versus
√
h2 + k2 + l2 t perfectly to a linear
plot through the origin, conrming the indexing as cubic spacegroup Fd3m.
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Experimental
d-spacings/Å
Miller
Indices
Intensity
I(q)q2
Multiplicity |Fhkl| Phase
77.3 111 1.7 8 0.119 -
47.2 220 33.1 12 0.43 -
40.2 311 100 24 0.529 -
38.5 222 31.7 8 0.516 +
33.3 400 9.7 6 0.329 +
30.5 331 9.3 24 0.161 -
27.2 422 5.5 24 0.124 -
25.6 333 3.9 8 0.18 -
25.6 511 3.9 24 0.104 -
23.5 440 6.7 12 0.193 -
22.5 531 1.4 48 0.044 -
21 620 1.5 24 0.065 -
20.3 533 3.1 24 0.093 +
Table 4.1: The experimental X-ray spacings, intensities and moduli of the structure factors
for the Fd3m phase, along with the phasing used for the electron density maps.
4.1). The overlapping 333/511 reections have been assumed to have equal values of
intensity.[102, 101] A program originally written by Herve Delacroix in FORTRAN 77
was extended in order to account for the extra reections and was subsequently used
to reconstruct the electron density maps. The electron density map was computed by
Fourier summation using the phasing of the rst ten structure factors previously deter-
mined by Luzzati et al.,[144] and the phases of the remaining three diraction orders were
determined by trial and error (Table 4.1). As the intensities of these last three diraction
orders are very weak, changing the phase of the structure factors only gave rise to subtle
dierences in the electron density maps. The 2-D sections of the resulting electron density
map along with the equivalent sections simulated using CrystalMaker are shown in Fig.
4.4.
By examining the sections it can be seen that the Fd3m phase consists of quasi-
spherical inverse micellar aggregates of two dierent types, 8 large and 16 small per unit
cell, as expected. From these electron density sections the polar cores of the two types of
inverse micelle have diameters of 0.344a = 46 Å, and 0.266a = 35 Å, respectively, based
on the experimentally determined lattice parameter of a = 133 Å. This is consistent with
previous estimates of 56 and 44 Å for the polar core diameters of an oleic acid/sodium
oleate Fd3m phase by Seddon et al.,[135] with a larger lattice parameter of 150 Å. It
should be noted that one must be rather careful in interpreting such sections from electron
density maps; in certain 2-D sections, the smaller inverse micelles can appear larger than
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Figure 4.4: 2-D sections through the electron density map of the Fd3m phase (left), along
with corresponding sections visualized using the CrystalMaker software (right), through
the schematic structure shown in Fig. 1.9. (a) (001) section (symmetry p4mm) through z
= a/8. The unit cell origin is at the bottom left corner. Note that half of the blue (small)
micelles are slightly above, and half slightly below, the section through the centres of the
purple (large) micelles; (b) 110 section (symmetry c2mm) through (5a/8, 5a/8, z); (c)
(111) section (symmetry p6mm) through (7a/8, 7a/8, 7a/8). Note that three of the blue
micelles are above, and the central one below the section through the centres of the purple
micelles. Fd3m origin 2 (at 3¯m) is used in these sections; this is displaced from origin 1
by (a/8, a/8, a/8) (see Fig. 1.9).Note also that the sections shown do not encompass the
whole unit cell and thus do not appear to show the full symmetries of the 001, 110 and
111 projections.
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the micelles which are in fact larger. This occurs if the section cuts through the centres of
the smaller micelles and so samples their maximum radius, but is oset from the centres
of the larger micelles and so samples a smaller section through their pseudo spherical
shape. Moreover, the sections shown do not encompass the whole unit cell and thus do
not appear to show the full symmetries of the 001, 110 and 111 projections. Fig. 4.5
shows the simulated sections including all the micelles (not just the ones included in the
electron density maps) showing the symmetries of the special projections of the space
group shown in Fig. 4.4.
The packing fraction, dened as the percentage of the unit cell volume occupied by
the micelles, for the Fd3m clathrate structure is 0.71. However, such packing fractions
are only relevant for hard spheres and here, the uid interfaces may be deformed (this is
known to occur in the Fd3m phase) potentially producing a packing fraction approaching
100% (see Chapter 1). This deformation can be seen in the electron density maps as clear
faceting of the inverse micelle interfaces (Fig. 4.4).
Based on their relative packing parameters and spontaenous curvatures, it is plausible
to hypothesise that DOPC, which tends to adopt at lamellar structures, will preferen-
tially partition into the larger, less curved micelles and vice versa for the less hydrophilic
DOG component will partition into the smaller, more curved inverse micelles. DOPC is
a type 0 lipid, and unlike DOG that is a type II lipid (see Chapter 1), it only adopts a
lamellar phase on its own at all temperatures and pressures investigated here.[176, 12] A
variety of experimental techniques have shown that DAGs form a hydrogen bond between
the DAG hydroxyl group and the phospholipid ester group resulting in elimination of
bound water from the phospholipid headgroup causing surface dehydration.[95, 48] This
interaction of the two species prevents phase separation within the Fd3m phase but does
not stop segregation into the two types of micelle. Isomorphous replacement x-ray dirac-
tion or contrast variation neutron diraction may help to conrm the partitioning of the
two lipid species into the dierent size micelles for the Fd3m phase, as well as the expected
homogenous distribution of the lipids species and cholesterol in the P63/mmc phase (see
Chapter 3). Isomorphous replacement (for example brominating one component) has
the signicant disadvantage that it may disrupt the packing of the system. Although
contrast variation neutron diraction experiments are a more viable option to determine
the average composition of the micelles in the Fd3m and P63/mmc phase, unfortunately
perdeuterated DOPC or DOG are not commercially available. Consequently, other lipid
mixtures known to adopt the Fd3m phase that have perdeuterated commercially available
components, such as Monoolein (MO):Oleic acid (OA),[133, 101] MO:Tetradecane (TD)
[183] and Lyso 1-palmitoyl phosphatidylcholine (LPC):Palmitic acid (PA), as well as the
above stated systems doped with cholesterol in order to possibly drive the formation of
the P63/mmc phase, were investigated. Unfortunately some systems could not be repro-
duced and all systems failed to adopt the P63/mmc phase, although it should be noted
4.2. DOPC:DOG 1:2 equilibrium phase behaviour 76
(a)
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Figure 4.5: 2-D sections of the full projections of the (a) 001 (b) 110 and (c) 111 sections
of the Fd3m space group with symmetries p4mm, c2mm and p6mm respectively. It should
be noted that the 001 section is rotated by 45
o
with respect to the a, b axes in order to
visualise the symmetry
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that addition of cholesterol to dierent lipid species would not necessarily have the same
eect on their phase behaviour as seen in the DOPC:DOG:CHOL system.
4.2.2 Hydrostatic pressure eects on DOPC:DOG mixtures
The pressure dependence on the phase behaviour and lattice parameters of the hydrated
DOPC:DOG 1:2 system (60 wt% water) at selected temperatures has been investigated.
Although a number of studies have investigated the eect of pressure on the lamellar,
hexagonal and bicontinuous cubic phases, only a small number of studies have investigated
the pressure dependence of the Fd3m phase.[183, 31]
At 15
o
C, the system adopts an HII phase with a d-spacing of 55 Å and a lamellar
phase (believed to be an ordered, DOG rich, lamellar phase) with a d-spacing of 38 Å. At
approximately 20
o
C the system transforms from the pair of coexisting HII and lamellar
phases to a pure Fd3m phase.
Fig. 4.6 shows the eect of pressure on the phase stability and phase structure of the
fully hydrated DOPC:DOG mixture at 30
o
C, which is initially in the Fd3m cubic phase at
atmospheric pressure. There are a number of very striking observations: Firstly, a number
of structural transitions are induced, rst by increasing pressure, and then by decreasing
pressure. It is clear that the transitions occur sharply, at well-dened pressures, and are
reversible, although with some apparent hysteresis (for example, the transition out of the
Fd3m cubic phase occurs at 1,900 bar on increasing pressure, but the phase only reforms
when the pressure is reduced below approximately 600 bar).
Secondly, the transitions occur from a single (Fd3m) phase to a pair of coexisting
phases. Thus the pure Fd3m phase transforms to a coexisting inverse hexagonal (HII)
and lamellar phase (believed to be an ordered lamellar phase, denoted an Lc phase), as
seen at 15
o
C and atmospheric pressure, at 1900 bar. The HII phase then converts into a
second lamellar phase (believed to be a DOPC rich uid lamellar Lα phase) at 2900 bar,
coexisting with the Lc phase. The clear implication of this phase separation is that, since
DAGs are known to be immiscible with phospholipids at low temperatures [95, 69] (and
presumably high pressures), the phase separated mixture at 3 kbar most likely consists
of a DOG-rich ordered lamellar Lc phase (lattice parameter ≈ 38 Å), and a DOG-poor
uid lamellar Lα phase (lattice parameter ≈ 65 Å). The DOG-rich phase is assumed to
be an ordered lamellar phase since at this temperature and pressure pure DOG would be
below its melting transition temperature (≈ 25 oC at atmospheric pressure), as measured
by DSC. This melting transition temperature is in agreement with the one quoted in the
literature (26
o
C) for hydrated 1,3-DOG.[13] It should be noted that it is well known that
diacylglycerols are prone to racemization via acyl chain migration, and this eect is even
more pronounced for unsaturated diacylglycerols. 1,2-diacylglycerols readily isomerise to
an equilibriummixture of 1,2- and 1,3-diacylglycerols resulting in a mixture with a ratio of
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(a) (b)
Figure 4.6: Phase transitions induced in DOPC:DOG (60 wt% H2O) at 30
o
C by varying
the hydrostatic pressure:(a) between 1 bar and 3.5 kbar (upwards, pressurisation), and
(b) between 3.5 kbar and 1 bar (downwards, depressurisation).
approximately 30:70 % respectively, as 1,3-DAG is structurally more stable.[161, 44, 128]
Thus, as a mixture of dioelin was used here, it is quite likely that most of the DOG in
the sample is the 1,3 DOG isomer.
DOPC is known to adopt a uid lamellar phase (Lα) at all temperatures and pressures
investigated here [176, 12] and it is very likely that the DOPC-rich phase is a uid lamellar
(Lα) phase.
Upon reducing the pressure, rst the uid lamellar phase transforms to the HII phase,
then at a much lower pressure both an HII phase and the coexisting ordered lamellar
phase simultaneously transform back into a single pure Fd3m cubic phase. With the
experimental set-up at beamline ID02, ESRF, it's not possible to fully investigate the
chain ordering, as wide-angle diraction cannot be measured, which would conrm the
packing state of the chains (uid, gel, or more highly ordered). However, the observed
spacings from the low-angle patterns are consistent with these conclusions. Interestingly,
the lattice parameter of the Fd3m cubic phase is practically unchanged upon raising the
pressure from 1 - 2,000 bar (Fig. 4.7). This behaviour is quite dierent from that observed
for inverse bicontinuous cubic phases in excess water, where the lattice parameter increases
- sometimes very signicantly - with increasing pressure.[31, 137, 177]
Although previous studies on glycolipids [31] did not show any clear trend in the eect
of pressure on the lattice parameter of the Fd3m phase, a recent study by Yaghmur et al.,
investigating the Fd3m phase formed by monoolein:tetradecane mixtures showed a large
pressure induced swelling of the Fd3m phase.[183] The monoolein:tetradecane system
diers signicantly from DOPC:DOG in that there is excess alkane which is not interface
bound so can be incorporated into the lipid phase and allow swelling by relieving the
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Figure 4.7: The observed lattice parameters of the various lyotropic mesophases versus
pressure at 30
o
C.
packing frustration which would be induced as the size of the inverse micelles increase.
This cannot occur in DOPC:DOG and furthermore to allow the water cores of inverse
micellar ordered phases to swell, water molecules would have to penetrate the highly
hydrophobic acyl chains region, which would be kinetically very slow. The consequence
of this is that pressure has very little eect on the lattice parameter of the DOPC:DOG
Fd3m cubic phase.
Although the lattice parameter of the Fd3m phase is practically unchanged with chang-
ing pressure, the hexagonal and Lα phases swell slightly with increasing pressure (at ap-
proximately 2 Å kbar
−1
), and the lattice parameter of the Lc phase decreases slightly
with increasing pressure (approximately -0.5 Å kbar
−1
). As uid lamellar and hexago-
nal phases are known to swell slightly with pressure, and more ordered gel phases can
interdigitate with pressure (hence leading to a decrease in the repeat spacing), it is rea-
sonable to assume that the believed DOPC rich phase is a uid Lα phase and the DOG
rich lamellar phase is a crystalline or gel lamellar phase. The experimental set-up at
Diamond Light Source allows wide angle data to be collected and recent experiments in
fact revealed sharp peaks characteristic of an Lc phase in the wide angle region when the
system adopted the coexisting lamellar phases as well as the HII and Lc phases (Fig. 4.8
a). When the system adopted the Fd3m phase, the wide angle data showed a broad peak
centred at approximately 4.6 Å (Fig. 4.8 b).
At 49
o
C the sample adopts an L2 phase. At increasing pressure, the sample gradually
transforms to the Fd3m phase, though even at 3000 bar there is coexistence between the
two phases (Fig. 4.9). Although the system was allowed to equilibrate for approximately
a minute at each pressure, it is quite possible that this transformation requires a longer
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Figure 4.8: (a) wide angle diraction pattern from DOPC:DOG at 15.6
o
C. The data
plotted in black represents the system in the coexisting Lα and HII phases at 1 bar and
the data in red represents the system in the coexisting Lα and Lc phases at 3000 bar. (b)
wide angle diraction pattern from DOPC:DOG in the Fd3m phase at 36.2
o
C.
equilibration time.
Repeat experiments on the DOPC:DOG system showing the same phase sequences
with very similar lattice parameters and with transitions between the phases occurring at
essentially the same pressures. An example of data acquired at beamline I22, Diamond
Light Source, for DOPC:DOG (75 wt% water) at 15.6
o
C from 1 to 3000 bar (Fig. 4.10
a) showed the HII and Lc to Lα and Lc transition at 1800 bar and the reverse transition
upon depressurisation at 1400 bar (Fig. 4.10 b). Moreover, at 36
o
C the Fd3m transition
to the coexisting HII and Lα phases occurs at 1800 bar and the HII and Lc to Lα and Lc
transition occurs at 3200 bar upon increasing the pressure (Fig. 4.11) which correlates
well with data sets taken on beamline ID02 ESRF.
4.2.3 Temperature eects
The phase transitions for the DOPC:DOG mixture as a function of temperature at 1 bar
are shown in Fig. 4.12 and correlate well with the pressure dependent results.
It is clearly seen that the coexisting ordered lamellar Lc and HII phases transform into
the pure Fd3m phase at approx 27
o
C, which in turn starts to convert into the L2 inverse
micellar solution phase at 47
o
C. Interestingly, there is evidence (Fig. 4.12) of diuse
scatter around the rst order (10) peak of the HII phase and a signicant reduction in the
intensity of the higher order peaks just prior to the transition to the Fd3m phase. This
suggests that the transition mechanism rst involves a disordering of the 2-D hexagonal
structure, before the ordered lamellar phase melts, and the Fd3m cubic phase forms.
The Fd3m - L2 transition is not sharp, and a coexistence region is observed. Moreover,
the reverse L2 - Fd3m transition in the cooling regime shows hysteresis, and has an even
broader coexistence region (Fig. 4.13). On cooling, the Fd3m phase begins to appear
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Figure 4.9: Phase transitions induced in DOPC:DOG (60 wt% H2O) at 49
o
C by varying
the hydrostatic pressure between 1 bar and 3 kbar (upwards, pressurisation).
(a) (b)
Figure 4.10: Phase transitions induced in DOPC/DOG (75 wt% H2O) at 15.6
o
C by
varying the hydrostatic pressure:(a) between 1 bar and 3 kbar (upwards, pressurisation),
and (b) between 3 kbar and 1 bar (downwards, depressurisation).
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Figure 4.11: Phase transitions induced in DOPC:DOG (75 wt% H2O) at 36
o
C by varying
the hydrostatic pressure between 1 bar and 3 kbar (upwards, pressurisation).
Figure 4.12: Phase transitions in DOPC:DOG (60 wt% H20) induced by varying temper-
ature between 19
o
C and 49
o
C in the upwards heating regime.
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Figure 4.13: Phase transitions in DOPC:DOG (60 wt% H20) induced by varying temper-
ature between 49
o
C and 30
o
C in the downwards heating regime.
at 41
o
C, although the L2 phase remains in coexistence down to 30
o
C. This may be
due to the kinetics of transformation, which on heating should be relatively fast, as
the Fd3m micelles only have to lose their ordered packing in order to transform to the
inverse micellar solution, which presumably consists of inverse micelles with some degree
of size polydispersity. However the kinetics in the cooling region should be much slower,
since the phase change would require a large scale rearrangement of water. Furthermore,
the lipid species would also have to partially phase separate in order to form the two
dierent sized micelles in the Fd3m phase, and then the micelles would nally have to
come together in the correct 2:1 ratio of smaller:larger size, and then pack into the ordered
lattice. Slow kinetics of formation of the Fd3m phase from an L2 solution has indeed been
observed.[106, 119] Unfortunately the DOPC:DOG system does not have a sharp Fd3m-L2
transition that would allow to investigate the kinetics of the transition.
The lattice parameters of the the HII, Lc, Fd3m and L2 phases at 1 bar as a function
of temperature are shown in Fig. 4.14. The data look slightly untidy as the lattice
parameters are taken from a variety of data sets. The lattice parameters of the HII
and L2 appear to decrease with increasing temperature, as expected. An increase in
temperature should induce an increase in the chain splay (and hence an increase in the
spontaneous mean curvature) resulting in a decrease in the lattice parameter of the phase.
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Figure 4.14: The eect of temperature on the lattice parameters of the HII, Lc, Fd3m and
L2 phases adopted by DOPC:DOG 1:2 (60 wt% water) at 1 bar.
The lattice parameter of the Lc phase is independent of temperature, as the frozen chains
in the ordered lamellar phase having minimal response to thermal changes, as it is often
been observed. The temperature dependence of the Fd3m lattice parameter is slightly
unusual as it is seen to increase with increasing temperature. As it was mentioned earlier,
an increase in temperature is expected to induce an increase in the chain splay (and
hence an increase in the spontaneous mean curvature) resulting in a decrease in the
lattice parameter of the inverse phase. The packing frustration is high in the Fd3m phase
(having a packing fraction of 71%) and theoretically the chains should not be allowed
to splay signicantly as this would results in voids and if the phase was to swell the
chain packing frustration would rise very rapidly as the polar cores increased in size.
Moreover, it would be energetically costly for water molecules to penetrate the highly
hydrophobic acyl chains region and swell the phase. The increase in lattice parameter
could be due to the van der Waals forces holding the micelles together becoming weaker
with temperature, however the Hamaker constant, which represents the strength of van
der Waals interactions between macroscopic bodies, is proportional to temperature and
hence this can be disregarded as a possible explanation. [76] Calculations on the change
in volume of the polar cores of the micelles based on water's expansivity coecient for
dierent temperatures only predicted a change as large as 0.1 Å and can not justify the
larger change in the lattice parameter of the phase. It is unclear why this trend is seen
and further investigation will be required.
A pressure - Temperature composition diagram for DOPC:DOG 1:2 in excess water
has been constructed using data collected for a number of samples both at ESRF and
Diamond Light Source (Fig. 4.15). It should be noted that the thick lines represent
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uncertainty in the phase boundary. At low temperatures the system adopts an ordered
lamellar phase (Lc) coexisting with an HII phase. At lower temperatures and higher
pressures the HII phase converts into a second lamellar phase (Lα phase), coexisting with
the Lc$ phase. At approximately 23
o
C and 1 bar the system transforms to a single Fd3m
phase and by increasing pressure the system transforms to the HII and Lc phases which
then become a coexisting Lα and Lc phase at higher pressures. The area between the
dark blue and purple boundaries represents a coexistence between the Fd3m, HII and Lc
phases. At approximately 44
o
C and 1 bar the Fd3m phase is seen to coexist with an L2
phase and at approximately 49
o
C a pure L2 phase is observed.
The pressure dependence of lipid phase transition temperatures, Tt, can be predicted
by the Clapeyron equation (Eqn. 4.1), which states that the transition temperatures
usually increase linearly with pressure (p), and with a magnitude given by the ratio of
the change in volume (V) at the transition and the transition entropy (S),
dTt
dp
=
∆Vm
∆Sm
(4.1)
Unusually, the higher temperature boundaries between the Fd3m to Fd3m plus L2,
and Fd3m plus L2 to L2 appear to be relatively at with pressure, suggesting that there
is no signicant volume change between the two phases. Although this may not be entire
unreasonable as an ordered micellar phase transforms to a micellar solution, it is likely
that these phase transitions require longer equilibration times than the ones allowed here.
Unfortunately due to time restrictions during synchrotron runs, longer equilibrations were
not feasible to carry out. The equilibration time of every measurement can signicantly
aect the position of the phase boundary. For example, as pressure is increased, the phase
adopted would persist at higher temperatures with short equilibration times, resulting in
the phase boundary being shifted at higher pressures, to the right hand side of the diagram.
It is also very likely that there would be a decrease in the area of coexistence.
4.3 Varying degree of unsaturation and chain length
in PC:DAG mixtures
It is known that unsaturation of the hydrocarbon chains of lipid moieties tends to inuence
the packing density and the intrinsic curvature of the lipid monolayer. Work by Szule et
al. [163] has shown that the eect of incorporating 25 mol% DOG in phosphatidylcholine
(PC) bilayers on the phase behaviour of the system is dependent on the unsaturation of
the hydrophobic tails of the PC. Mixtures containing di-saturated PCs did not form non-
bilayer phases, even when extra alkane was added to the system however their unsaturated
counterparts and asymmetric PCs consisting of one saturated and one chain unsaturated
did form an HII phase. The data showed that unsaturation in the acyl chain(s) of PC
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Figure 4.15: Pressure - Temperature composition diagram for DOPC:DOG 1:2 in excess
water. The thick and dashed phase boundaries represent uncertainty in the boundaries.
is essential in promoting the HII phase at the temperatures studied. In addition, they
found that the asymmetric and di-unsaturated PCs with longer chain lengths were more
eective in lowering the temperature of the transition to the HII phase.
Moreover, as discussed in the Chapter 1, it is known that the propensity of the
membrane to undergo a transition to an inverse hexagonal phase, increases PKC
activation.[162, 38] It has been shown that PKC activity depends on the DAG acyl chain
composition; with unsaturated DAGs activating PKC but long-chain saturated DAGs be-
ing unable to do so due to forming phase separated gel PC-DAG complexes.[49] These
results suggest that unsaturated DAGs may have a greater propensity to adopt non-bilayer
phases than their saturated counterparts.
As seen earlier, DOPC:DOG mixtures form the highly curved Fd3m phase.
SOPC:SOG, DSPC:DSG were investigated in order to investigate if unsaturation in the
18 carbon-long chain had an inuence on the phase behaviour of the system and a mixture
of DPPC:DPG was also investigated in order to investigate the inuence of chain length
on the phases adopted by the system.
4.3.1 SOPC:SOG 1:2 mixtures
As mentioned in Chapter 1, asymmetric DAGs exhibit remarkable polymorphism due to
diculty of the saturated and unsaturated chains packing closely. SOG exhibits eight
phases in the dry state which are similar in energy, with hydration partially relieving
these interactions resulting in three phases being observed when SOG is hydrated.[28]
Moreover, a study of SOG produced in situ by the action of PLC on SOPC showed phase
separation between a uid lamellar lipid-DAG complex and an isotropic SOG solution. As
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Figure 4.16: Phase transitions induced in SOPC:SOG (60 wt% H2O) at 15
o
C by varying
the hydrostatic pressure between 1 bar and 2.5 kbar (upwards, pressurisation).
far as can be ascertained, this was the rst time uid-uid immiscibility was seen in such
a system and it is that the diusion of SOG is slow enough to allow domain formation and
having SOG concentrations large enough to perturb the membrane facilitating processes
such as membrane fusion.[123]
At 15
o
C, the SOPC:SOG system is found to adopt 3 coexisting lamellar phases with
d-spacings of 72.61 Å, 47.86 Å and 38.85 Å (Fig. 4.16 and Fig. 4.17). Presumably the
lamellar phase with a d-spacing of 72.61 Å corresponds to a uid SOPC-rich lamellar
phase and the other 2 lamellar phases correspond to SOG-rich lamellar phases. Hydrated
SOG alone forms 3 phases, the hydrated γw polymorph that has a Tm of -12
o
C, the
αw polymorph with a Tm of 15
o
C, and the βw polymorph that melts at 19.9
o
C.[28]
Presumably the two lamellar phases with d-spacings of 47.86 Å and 38.85 Å correspond
to the αw and βw polymorphs of SOG as these d-spacings are in quite close agreement with
the layer spacings of the pure SOG polymorphs quoted in the literature.[28]. As with the
DOPC:DOG system, the lattice parameter of the SOPC-rich phase swells with increasing
pressure and the lattice parameters of SOG-rich lamellar phases slightly decrease with
increasing pressure, presumably due to interdigitation of the chains (Fig. 4.17).
At 47
o
C, SOPC:SOG is found to adopt the highly curved P63/mmc phase (Fig. 4.18)
whose structure was solved in Chapter 3 for the DOPC:DOG:CHOL 1:2:1 mixture. The
lattice parameters for the phase were found to be a = 74.79 and c = 121.61 Å and as with
the Fd3m phase, the lattice parameters were essentially independent of pressure. At 47
o
C
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Figure 4.17: The observed lattice parameters of the three lamellar phases in SOPC:SOG
(60 wt% water) versus pressure at 15
o
C.
and 200 bar, the P63/mmc phase transforms to what appears to be an area of coexistence
between 2 lamellar and one HII phase (Fig. 4.18) which persists up until 1500 bar where
the system is seen to transform to 2 lamellar phases (Fig. 4.19) with lattice parameters
of 74.32 Å and 38.78 Å. As the temperature is a lot higher than 15
o
C, presumably the
one SOG-rich phase is no longer present and only one SOG-rich phase remains, as is seen
with the pure αw the βw polymorphs of pure SOG.
As discussed above, data shown here show that asymmetric PC:DAG mixtures can
form highly curved phases, SOPC:DOG diers from DOPC:DOG in that the inverse
micellar phase adopted is the P63/mmc rather than the Fd3m micellar cubic phase. More
work is required in order to get an in-depth understanding of the phase behaviour of
SOPC:SOG mixtures.
4.3.2 DSPC:DSG 1:3 mixtures
Work by Szule et al., showed that mixtures containing di-saturated PCs did not form
non-bilayer phases in the presence of 25 mol% DOG[163] and work by Epand [35] showed
that out of various DAGs, distearin (DSG) was the least potent in lowering the lamellar to
HII transition in POPE; addition of DSG in POPE bilayers shifted the Lα - HII transition
temperature of pure POPE from approximately 72
o
C to 67
o
C.
DSPC:DSG mixtures adopted two coexisting lamellar phases at all temperatures stud-
ied (15-65
o
C), again assumed to be DSPC-rich and DSG-rich lamellar phases. The lattice
parameters of the two lamellar phases at 15
o
C are plotted as a function of pressure in
Fig. 4.21. The lattice parameter of both phases decreases as a function of pressure and
considering the phase behaviour of pure DSPC which is in a gel phase up until 54
o
C, it
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Figure 4.18: Low-angle synchrotron X-ray diraction pattern from the P63/mmc phase
of SOPC:SOG 1:2 (60 wt% water).
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Figure 4.19: Stacked diraction patterns showing the phase transitions induced in
SOPC:SOG (60 wt% H2O) at 47
o
C by varying the hydrostatic pressure between 1 bar
and 400 bar (upwards, pressurisation).
-0.05 0.00 0.05
-0.5
0.0
0.5
1.0
1.5
2.0
In
te
ni
st
y/
 a
.u
.
S/ Å-1 
Figure 4.20: Integrated 1-D pattern for the 2 coexisting lamellar phases of SOPC:SOG at
47
o
C and 1600 bar.
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Figure 4.21: The observed lattice parameters of the two lamellar phases in DSPC:DSG
(60 wt% water) versus pressure at 15
o
C.
is likely that both the DSPC-rich lamellar and the DSG-rich lamellar phase are ordered.
In DPPC:DPG mixtures, it is known that the transition temperature of the gel PC:DAG
complex was higher than that of pure PC and was attributed to the fact that reduced
PC headgroup repulsion stabilised the system.[16]It is likely the same eect is occurring
in the DSPC:DSG system. The lattice parameters of the two ordered lamellar phases are
essentially independent of temperature, which strengthens the assumption that the two
phases are ordered phases (Fig. 4.22).
It should be noted that the Fd3m phase has been observed in DSPC:DSG systems at
temperatures greater than 95
o
C,[11] however the experimental set-up used at both ESRF
and DLS doesn't allow for temperatures greater than 85
o
C to be reached.
As suggested in the literature, it appears that long-chain saturated phospholipids
mixed with DSG (which is deemed to be the least active DAG in promoting curved phases)
results in DSPC:DSG mixtures not forming any curved phases at the temperatures and
pressures studied.
4.3.3 DPPC:DPG 1:3 mixtures
Work by Lopez-Garcia et al. [95] on DPPC:DPG mixtures showed that mixtures with high
DAG content form a DPPC:DPG gel complex that coexists with an ordered DPG lamellar
phase at low temperatures, and above 65
o
C the sample transforms to a hexagonal and
isotropic phase. Moreover, Takahashi et al. [164] found that DPPC:DPG 1:1 mixtures
adopt an HII phase coexisting with a swollen cubic Im3m phase (a = 231 Å) at 65
o
C
which transforms to a pure HII phase at 80
o
C, and 1:2 mixtures transform to an HII
phase at 72
o
C and to an Fd3m phase at 82
o
C.
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Figure 4.22: The observed lattice parameters of the two lamellar phases in DSPC:DSG
(60 wt% water) versus temperature at 1 bar.
At low temperatures, the DPPC:DPG 1:3 mixture (60 wt% H2O) was found to adopt
two coexisting lamellar phases with lattice parameters of 73.12 Å and 44.82 Å at 36
o
C and
1 bar that are seen up until 53
o
C. These values are in agreement with literature.[95, 164]
At 82.5
o
C and 1 bar the sample is found to adopt an HII phase (a = 67.39 Å) which
coexists with a highly swollen Im3m phase (a = 230.95 Å). At 200 bar the HII phase
coexists with what appears to index as an Im3m and Pn3m phase (Fig. 4.23). At 300
bar the system transform to what appears to index as a highly swollen Pn3m phase (a =
220.5 Å) and broad scatter centred at similar S values to the 1
st
order lamellar phase with
a = 73.12 Å is found (Fig. 4.24) and at 500 bar the system transforms to two coexisting
lamellar phases (a = 71.45 Å and 44.79 Å).
The phase behaviour of the system is in relatively good agreement with the literature.
An Fd3m phase was not seen here and the experimental set-up did not allow to access
higher temperatures in order to investigate if the Fd3m phase would form.
Similar structures to the swollen cubics seen in DPPC:DPG mixtures, have aslo
been observed in monoelaidin (ME) in excess water[24] and excess water mixtures of
DMPC:myristic acid,[134, 63] and phospholipids,[150] and theoretical calculations have
predicted that swollen cubic structures should be stable in excess water.[143] The indica-
tions that highly swollen cubic phases can form as long lasting intermediates and/or in
phase coexistence with another phase are extremely interesting and will form the basis of
exciting future work.
It appears that reducing the chain length from 18 carbons in DSPC:DSG to 16 carbons
in DPPC:DPG curved structures can be promoted, albeit at high temperatures, as seen
in other systems.[134]
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Figure 4.23: Phase transitions induced in DPPC:DPG (60 wt% H2O) at 82.5
o
C by varying
the hydrostatic pressure between 1 bar and 900 bar (upwards, pressurisation).
Figure 4.24: Integrated 1-D pattern for swollen Pn3m phase of DPPC:DPG at 82.5
o
C
and 300 bar.
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4.4 Chapter Summary
Hydrated DOPC:DOG mixtures with a molar ratio close to 1:2 were examined as a func-
tion of hydrostatic pressure, using synchrotron x-ray diraction. Over a large temperature
and pressure range the system adopted an inverse micellar cubic phase, of crystallographic
space group Fd3m. The small-angle diraction pattern at atmospheric pressure was used
to calculate 2-D sections through the electron density map and it was shown that the
Fd3m micelles were faceted, with the polar/non-polar interface of the micelles changing
their shape from spherical to faceted, in order to relieve the high packing frustration in
the phase.
Pressure initially has very little eect on the structure of the Fd3m cubic phase,
in contrast to its eect on hydrated inverse bicontinuous cubic phases. At close to 2
kbar, a sharp transition occurs from the Fd3m phase to a pair of coexisting phases,
an inverse hexagonal HII phase and an (ordered) lamellar phase. Upon increasing the
pressure to 3 kbar, a further sharp transition occurs from the HII phase to a (uid)
lamellar phase, in coexistence with the ordered lamellar phase. These transitions are fully
reversible, but show hysteresis. Remarkably, the lattice parameter of the Fd3m phase is
practically independent of pressure. These results show that these two lipids are miscible
at low pressure, adopting a single lyotropic phase (Fd3m); they then become immiscible
above a critical pressure, phase separating into DOPC-rich and DOG-rich phases. A p-T
composition diagram has been constructed.
By varying unsaturation in the 18 carbon-long chain in PC:DAG, preliminary data
from SOPC:SOG suggests that asymmetric PCs and DAGs are also capable of forming
highly curved structures. SOPC:SOG appears to follow the same phase sequence with
pressure and temperature as seen in DOPC:DOG, although the inverse micellar cubic
Fd3m phase in DOPC:DOG is replaced by an inverse micellar hexagonally close packed
P63/mmc phase in SOPC:SOG. Preliminary data from DSPC:DSG mixtures in excess
water suggested that di-saturated PCs and DAGs are incapable of forming curved struc-
tures at the temperatures investigated. However, it was found that by reducing the chain
length of the di-saturated system to DPPC:DPG curved phases can be promoted, albeit
at high temperatures.
Chapter 5
DOPC:DAG:CHOL mixtures
- equilibrium phase behaviour
The phase behaviour of fully hydrated DOPC: DOG: CHOL mixtures 1:2:x (5 ≤ x ≥
40 mol%) were examined as a function of hydrostatic pressure and temperature using
synchrotron x-ray diraction and ve pressure - temperature composition diagrams are
presented.
In order to investigate the eect of the amount of DOG on the phase behaviour of the
mixture, the CHOL content in the mixture was xed (≈ 20 mol%) and the DOG content
was progressively lowered from 66 mol% to 15 mol%.
5.1 Background
Diacylglycerols can readily promote the formation of inverse phases in membranes and
numerous studies have investigated the phase behaviour of PC lipids and DAGs with two
saturated acyl and mixed saturated/unsaturated chains.[95, 81, 65, 154, 120] A handful of
studies have been published on the phase behaviour of di-unsaturated DAGs; Seddon and
co-workers investigated the phase behaviour of DOPC:DOG mixtures at full and limited
hydration.[135, 132] Extending mixture complexity, a few groups have also investigated the
eect of incorporating DOG into PC:sphingomyelin:CHOL [5] and PC:PE:CHOL:DAG
mixtures [113]. In these studies however, the lipids were obtained from natural extracts
and the nature of their hydrocarbon chains was not known, making it dicult to system-
atically attribute the resulting phase behaviour of the system to particular lipid structural
features.
DAG and CHOL can both be described as phase promoters; as mentioned previously,
DAGs can drive the formation of inverse phases while CHOL promotes the formation of
lamellar phases, although it was recently shown that CHOL can also induce inverse phase
formation in mixtures with unsaturated PCs.[168, 36, 37] As DOPC is known to adopt
only a lamellar phase at all temperatures and pressures investigated here,[176, 12] it is
safe to assume that any inverse phase adopted here can be attributed to the presence of
DOG and/or CHOL.
The phase behaviour of lipid systems is not only dependent on the lipid composition;
critically, there is a strong dependence on the hydration level of the system and on physi-
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cal parameters including temperature and pressure. By changing these parameters, phase
transitions can be induced and while system hydration is relatively dicult to accurately
alter after a sample has been prepared, temperature and pressure can be easily and rela-
tively quickly changed to tune the phases exhibited by a lipid system. Here, the eect of
temperature and pressure on the equilibrium phase behaviour of various PC:DAG:CHOL
mixtures in excess water have been investigated.
As mentioned in Chapter 1, the eect of pressure on lipid phase behaviour is fascinat-
ing, by allowing extension of the investigated phase space to two dimensions (with the
other dimension given by temperature), pressure can provide information that would not
be possible through other physical variables [31] and indeed increasing pressure can induce
a system to adopt a phase that is not observed in its temperature dependent phase be-
haviour. Critically for this study, pressure promotes any chemical or physical change that
results in a volume reduction [176] and so can provide valuable insights into lyotropic phase
behaviour. Key advantages of inducing phase transformations with pressure rather than
other parameters such as temperature include that pressure changes propagate extremely
rapidly (typically 5 ms) both with increasing and decreasing pressure, intramolecular bond
covalent bond distances and angles are not generally eected below 2 GPa (20 kbar) and
pressure can be cycled rapidly and highly reproducibly allowing for data averaging.[179]
5.2 DOPC:DOG:CHOL 1:2:x (5 ≤ x ≥ 40 mol%) mix-
tures - equilibrium phase behaviour
In earlier work, two pressure-Temperature (p-T) composition diagrams of DOPC: DOG:
CHOL with lipid ratios 1:2:1 and 1:2:2 in excess water were constructed.[171] Both p-
T diagrams showed a phase sequence of two coexisting lamellar phases → P63/mmc
phase → HII phase upon temperature increase; the lamellar and P63/mmc phases were
found to coexist with excess CHOL crystals until the system transformed to a pure HII
phase at higher temperatures. This phase sequence was extremely unusual; the `natural'
sequence of type II lyotropic liquid crystalline phases is from low to high curvature as
the eective chain volume increases with increasing temperature, however the micellar
P63/mmc phase is signicantly more curved that the HII phase. The explanation for was
thought to lie with the excess CHOL crystals; CHOL was precipitating out of the system
at low temperatures but solubilising in the lipid phase at higher temperatures and so
reducing the magnitude of its interfacial curvature. The hexagonal phase was found to
be extremely persistent upon cooling into the P63/mmc region of the phase diagram and
the idea of CHOL solubility could also explain this HII phase metastability. In order to
test this further, the p-T compsotion diagrams for both the DOPC:DOG:CHOL 1:2:1 and
1:2:2 mixtures were re-mapped and the p-T phase behaviour of this system with dierent
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CHOL concentrations was studied.
Five such p-T composition diagrams of DOPC:DOG:CHOL mixtures with molar ratios
1:2:2 (40 mol% CHOL), 1:2:1 (25 mol% CHOL), 2:4:1.5 (20% CHOL), 2:4:1.05 (15 mol%
CHOL) and 6:12:1 (5 mol% CHOL) are presented in Fig. 5.1. It should be noted that
the thick boundaries represent uncertainty in the phase boundary and the even thicker
upper temperature boundaries represent even more uncertainty. Temperatures were var-
ied between 10 and 70
o
C and pressure was investigated from 1 to 3000 bar. For each
temperature the pressure was scanned from 1 to 3000 bar, at 100 bar intervals, with a 0.5
to 7 minutes equilibration time between each measurement. Whenever a phase change
occurred, the pressure was decreased in order to access the previous phase and then in-
creased in 50 bar intervals in order to locate the phase boundary more precisely, resulting
in an estimated error in the phase boundary of ± 25 bar and ± 0.2 oC). It should be
noted that the eect of increasing pressure is qualitatively similar to that of decreasing
the temperature.
Below about 50
o
C, the phase behaviour of all the DOPC:DOG:CHOL mixtures show
remarkably similarities (Fig. 5.1). At low temperatures and high pressures two lamellar
phases are found to coexist in all samples. As seen with the DOPC:DOG system (see
Chapter 4), DAGs are known to be immiscible with phospholipids [95, 65] and conse-
quently it is likely that this is a phase separated mixture comprising an DOG rich (lattice
parameter ≈ 38 Å) and a DOG poor (DOPC rich) lamellar phase (lattice parameter ≈
65 Å). The DOG-rich phase is assumed to be an ordered lamellar phase (Lc) since at this
temperature and pressure it should be below its melting transition temperature (≈ 25 oC
at atmospheric pressure), as measured by DSC. This melting transition temperature is in
agreement with the one quoted in the literature (26
o
C) for hydrated 1,3-DOG.[13] It is
well known that diacylglycerols are prone to racemization via acyl chain migration, and
this eect is even more pronounced for unsaturated diacylglycerols. 1,2-diacylglycerols
readily isomerise to an equilibrium mixture of 1,2- and 1,3-diacylglycerols resulting in a
mixture with a ratio of approximately 30:70 % respectively, as 1,3-DAG is structurally
more stable.[161, 44, 128] Thus, as a mixture of diolein was used here, it is quite likely
that most of the DOG in the sample is the 1,3 DOG isomer. DOPC is known to adopt
a Lα phase at all temperatures and pressures investigated here [176, 12] and it can be
inferred that the DOPC-rich phase is a Lα phase.
At approximately 20
o
C and 1 bar, all CHOL containing systems transform into the
P63/mmc phase. Although some phase diagrams do not show temperatures below 30
o
C,
the two lamellar - P63/mmc phase boundary slope calculated for all the systems (discussed
below) is very similar, so it is very likely that the phase will occur near that temperature.
It should be noted that crystalline CHOL coexistence is seen in both the two lamellar and
P63/mmc phases (Fig. 5.2 a) in all CHOL containing systems except for 6:12:1 (5 mol%
CHOL).
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(e)
Figure 5.1: Pressure-Temperature composition diagrams for DOPC:DOG:CHOL in excess
water (60 wt%) with molar ratios a) 1:2:2, b) 1:2:1 c) 2:4:1.5 d) 2:4:1.05 e) 6:12:1. The
thick and dashed phase boundaries represent uncertainty in the boundaries.
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Above 50
o
C the phase behaviour of the mixtures diers as the CHOL content is
progressively lowered. It should be noted however that, although the molar lipid ratio
(DOPC:DOG 1:2) was constant in mixtures A-E (Fig. 5.1) for this "CHOL sweep" ex-
periment, the overall DOG content of the mixture consequently increases as the amount
of CHOL is decreased. Thus, the dierence in phase behaviour of the mixtures could be
due to a coupled eect of decreased CHOL and increased DOG concentration
At approximately 60
o
C and 1 bar, the 1:2:2 mixture (Fig. 5.1 a) transforms into a
HII phase whereas the 1:2:1 system transforms into a coexisting P63/mmc and HII phase
(Fig. 5.1 b). The 1:2:1 system shows peculiar re-entrant behaviour with pressure at
approximately 63
o
C, where the P63/mmc and HII coexistence region transforms into a
pure HII phase at 500 bar and the coexistence reappears at around 1000 bar. It should
be noted that when the pure HII phase is seen on its own, no CHOL crystals are evident
in the diraction pattern (Fig. 5.2 b).
The pressure dependence of lipid phase transition temperatures, Tt, an be predicted
by the Clapeyron equation, which states that the transition temperatures usually increase
linearly with pressure, and with a magnitude given by the ratio of the change in volume
at the transition to the transition entropy. This re-entrant behaviour is probably due to
a delicate balance between volume changes and/or hydration.
As the CHOL content is lowered further, the P63/mmc phase extends to higher tem-
peratures and nally transforms into a uid isotropic/ inverse micellar solution (L2 )
at approximately 60
o
C and 1 bar, in systems containing 20 mol % CHOL or less. The
P63/mmc/HII coexistence region and pure HII phase get shifted to higher pressures as the
CHOL content is decreased until they disappear at 5 mol% CHOL and the system exists
in a pure L2 phase at all temperatures and pressures above the P63/mmc phase (Fig. 5.1
c-e). This loss of the HII phase coincides exactly with the rst sample which does not
show any excess CHOL - an observation which strongly supports the hypothesis that the
HII phase is promoted by increased solubility of CHOL at high temperatures.
The gradient of the P63/mmc - 2 lamellar phase boundary was found to be approx-
imately 16
o
C kbar
−1
for all the samples studied here. Boundary slopes tend to range
from approximately 10 - 30
o
C kbar
−1
in lipid systems, depending on the chain length
and level of unsaturation, the presence of sterols and the particular phase adopted by
the system.[31, 176] So the gradients found here are entirely reasonable. It is interesting
to note however that the gradient is not independent of pressure as is predicted by the
Clapeyron equation. This is not unexpected as the Clayperon equation is known not
hold to at high pressures. Unusually, the higher temperature boundary of the P63/mmc
phase in systems B-E (Fig. 5.1 b-e) appears to be relatively at with pressure, suggesting
that there is no signicant volume change between the two phases. However, as with the
DOPC:DOG system, it is quite likely that these phase transitions require longer equili-
bration times than the ones allowed here. The equilibration time of every measurement
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Figure 5.2: SAXS diraction patterns of a) the P63/mmc phase formed with
DOPC:DOG:CHOL 1:2:1 in excess water at 36.6
o
C and 1 bar pressure, where the intense
spots near the sixth ring are due to excess CHOL crystals. [94] b) the HII phase formed
with DOPC:DOG:CHOL 1:2:1 in excess water at 63.4
o
C and 400 bar pressure. The
crossed lines visible close to the beamstop are Kossel lines from the diamond windows of
the sample cell.
can signicantly aect the position of the phase boundary. For example, as pressure is
increased, the phase adopted would persist at higher temperatures with short equilibra-
tion times, resulting in the phase boundary being shifted at higher pressures, to the right
hand side of the diagram. It is also very likely that there will be a decrease in the area
of coexistence. The eect of equilibration time on the resulting phase behaviour of the
system is shown in Fig. 5.3.
It is obvious from Fig. 5.3 that the equilibration time can severely aect the phase
adopted by the sample. Up until 36 seconds the system seems to adopt the P63/mmc
phase, after 46 seconds the P63/mmc phase is coexisting with the Lc phase and nally
at 119 seconds the transforms to the two coexisting lamellar phases. In this study the
equilibration time before each point was measured varied from 0.5 to 7 minutes and as
a result the phase boundaries and areas of coexistence are likely to be shifted. Longer
equilibration times, especially at higher temperatures, are possibly required, as one would
expect that the kinetics of formation of the P63/mmc phase from an L2 phase by increasing
pressure should be relatively slow.
It is interesting to see that the system containing no CHOL (DOPC: DOG 1:2, Fig.
4.15) exhibits remarkably similar phase behaviour to its CHOL containing system coun-
terpart (6:12:1 system, Fig. 5.1 e); the major dierence being is that in the absence of
CHOL, the P63/mmc is replaced by the Fd3m phase. It appears that even a small amount
of CHOL stabilises the 3-D hexagonal inverse micellar phase in excess water.
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Figure 5.3: Eect of equilibration time on the phase adopted by DOPC:DOG:CHOL 1:2:1
(60 wt% H20). The lattice parameter of each phase is plotted against time, at T= 44
o
C
and p =2500 bar, coming from p=2400 bar.
As with the Fd3m phase formed by DOPC:DOG mixtures (Chapter 4, Fig. 4.7), the
lattice parameters of all the phases in all DOPC: DOG: CHOL mixtures are practically
unchanged upon increasing the pressure. Examples of the variation in lattice param-
eter with pressure for the Lα, Lc and P63/mmc phase, at selected temperatures and
DOPC:DOG:CHOL systems are shown in Fig. 5.4.
Although the lattice parameters of all phases adopted in all DOPC:DOG:CHOL sys-
tems are essentially unchanged with pressure, the lattice parameters of the P63/mmc and
Lα phases slightly increase with pressure (at approximately 0.5 Å per kbar), and the
lattice parameter of the Lc phase slightly decreases with pressure (approximately -0.5 Å
per kbar). Since uid phases are known to swell with pressure, and more ordered gel
phases can interdigitate with pressure (hence leading to a decrease in the repeat spacing),
it is reasonable to assume that the believed DOPC rich phase is a uid Lα phase and the
DOG rich lamellar phase is an ordered or gel lamellar phase; in fact, WAXS data conrm
an ordered lamellar phase by the sharp peaks evident in the wide angle region when the
system adopts the coexisting Lα and Lc phases (Fig. 5.5 a). When the system adopted
the P63/mmc phase, the wide angle data showed a broad peak centred at approximately
4.6 Å (Fig. 5.5 b).
The lattice parameters of the Lα, Lc and P63/mmc phases do not change much with
temperature. The lattice parameter of the Lα phase slightly decreases with temperature at
approximately -0.05 Å/
o
C for all systems. This is expected, as an increase in temperature
should induce an increase in the chain splay, resulting in a decrease in the lattice parameter
of the uid phase. The variation of the Lα lattice parameter with temperature for selected
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Figure 5.4: The observed lattice parameters of the various lyotropic mesophases versus
pressure a) DOPC:DOG:CHOL 1:2:1 Lαand Lc phases at 10
o
C, b) DOPC:DOG:CHOL
1:2:1 P63/mmc phase at 36
o
C, c) DOPC:DOG:CHOL 2:4:1.5 Lαand Lc phases at 12
o
C,
d) DOPC: DOG: CHOL 2:4:1.5 P63/mmc phase at 37
o
C, e) DOPC:DOG:CHOL 6:12:1
Lαand Lc phases at 46
o
C and f) DOPC:DOG:CHOL 6:12:1 P63/mmc phase at 36
o
C.
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Figure 5.5: (a) wide angle diraction pattern from DOPC:DOG:CHOL 6:12:1 in the
coexisting Lα and Lc phases at 36
o
C and 1700 bar. (b) wide angle diraction pattern
from DOPC:DOG:CHOL 6:12:1 in the P63/mmc phase at 36
o
C and 1 bar.
DOPC:DOG:CHOL systems is shown in Fig. 5.6.
The lattice parameter of the Lc phase is practically unchanged up temperature (
da
dT
≈
0.01 Å/
o
C) for all DOPC:DOG:CHOL systems, as the relatively frozen chains in the
ordered lamellar phase have minimal response to thermal changes, as it is often been
observed for ordered lamellar phases. The variation of the Lc lattice parameter with
temperature for selected DOPC:DOG:CHOL systems is shown in Fig. 5.7.
The temperature dependence on the lattice parameter of the P63/mmc phase for
all samples (Fig. 5.8), like the Fd3m phase formed by DOPC:DOG (see Chapter 4),
shows unusual behaviour as it is seen to increase with increasing temperature (
da
dT
≈
0.2 Å/
o
C). An increase in temperature will induce an increase in the chain splay (and
hence an increase in the spontaneous mean curvature) resulting in a decrease in the
lattice parameter of the inverse phase. The packing frustration is high in the P63/mmc
phase (having a packing fraction of 74%) and theoretically the chains should not be
allowed to splay by much as this would result in voids, and if the phase was to swell
the chain packing frustration would rise very rapidly as the polar cores increased in size.
Moreover, it would be energetically costly for water molecules to penetrate the highly
hydrophobic acyl chains region and swell the phase. The decrease in lattice parameter
could be due to the van der Waals forces holding the micelles together becoming weaker
with temperature, however the Hamaker constant, which represents the strength of van
der Waals interactions between macroscopic bodies, is proportional to temperature and
hence this can be disregarded as a possible explanation.[76] Calculations on the change
in volume of the polar cores of the micelles based on water's expansivity coecient for
dierent temperatures only predicted a change as large as 0.0004 Å/
oC and can not
justify the larger change in the lattice parameter of the phase. By inspecting Fig. 5.8,
it appears that the magnitude of change in lattice parameter with temperature decreases
as the amount of CHOL is decreased. It is possible that as temperature is increased,
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Figure 5.6: The observed lattice parameter of the Lα phase versus temperature for a)
DOPC:DOG:CHOL 1:2:1 at 1400 bar, b) DOPC:DOG:CHOL 2:4:1.5 at 1000 bar, c)
DOPC:DOG:CHOL 6:12:1 at 3000 bar.
 DOPC: DOG: CHOL 1:2:1 at 1400 bar
 DOPC: DOG: CHOL 2:4:1.5 at 1000 bar
 DOPC: DOG:CHOL 2:4:1.05 at 3000 bar
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Figure 5.7: The observed lattice parameter of the Lc phase versus temperature for a)
DOPC:DOG:CHOL 1:2:1 at 1400 bar, b) DOPC:DOG:CHOL 2:4:1.5 at 1000 bar, c)
DOPC:DOG:CHOL 6:12:1 at 3000 bar.
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Figure 5.8: The variation of the observed lattice parameters of the a) a lattice param-
eter and b) c lattice parameter of the P63/mmc phase with temperature at 1 bar for
DOPC:DOG:CHOL mixtures with molar ratios of 1:2:2, 1:2:1, 2:4:1.5, 2:4:1.05 and 6:12:1.
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Figure 5.9: The variation of the observed lattice parameters of the a) a lattice param-
eter and b) c lattice parameter of the P63/mmc phase at 36
o
C and 1 bar with CHOL
concentration for DOPC:DOG:CHOL mixtures with molar ratios of 1:2:2 (40% CHOL),
1:2:1 (25% CHOL), 2:4:1.5 (20% CHOL), 2:4:1.05 (15% CHOL), 3:6:1 (15% CHOL) and
6:12:1 (5% CHOL).
the solubility of CHOL in the P63/mmc phase increases and consequently more CHOL
is incorporated in the phase and swells it. The variation in the lattice parameters of the
P63/mmc phase with mol% of CHOL in the system at 36
o
C and 1 bar is plotted in Fig.
5.9. Although the trend is not entirely clear, it appears that the lattice parameter of the
P63/mmc phase decreases as the amount of CHOL is decreased. However, it should be
noted that the same trend is also seen for the Fd3m phase formed by DOPC: DOG (see
Chapter 4) so increased CHOL solubility in the P63/mmc phase at higher temperatures
is most probably not the only factor responsible for the phase swelling. It is unclear why
this trend is seen and further investigation will be required.
The lipids and sterol studied here are relatively abundant in cells. Although the
amount of DAG used in this study is higher than the overall molar concentration in
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vivo, their local and eeting accumulation in membranes results in transient DAG rich
clusters. It is very interesting that the P63/mmc phase is observed at physiological tem-
peratures and atmospheric pressure. Although cells are predominantly found to exist a
mixed Lα and Lo phase,[5] when there is a topological change in the membrane, for ex-
ample in processes such membrane fusion, ssion, exo- and endocytosis and membrane
budding, non-lamellar areas must be formed. DAGs are thought to play and important
role in these processes.[163, 42, 10] A number of studies have shown that PC:CHOL and
PC:CHOL:DAG mixtures can promote non-lamellar phases at high temperatures but only
a handful of studies have shown that non-bilayer phases can be adopted at physiological
temperatures. Moreover, as mentioned in Chapter 1, CHOL preferentially interacts with
saturated phospholipids and sphingomyelin, forming regions of increased acyl chain or-
der and thickness in the membrane, termed `lipid rafts', however unsaturated lipids are
excluded from these regions. The results presented here could possibly explain the ambiva-
lent nature of CHOL; there is no surprise CHOL has been named a Janus-faced molecule.
As the CHOL:phospholipids ratio is approximately 1:1 in the plasma membrane,[173]
these results can potentially explain how cell membranes can form rigid, Lo domains
while still being able to simultaneously undergo fusion events by forming highly curved
phases in the presence of CHOL.
5.3 Varying the DOPC: DOG ratio in
DOPC:DOG:CHOL mixtures
Work by Nieva et al. [113] on DAG:PC:PE:CHOL mixtures showed that phases with
increasing degree of curvature are formed by increasing the DAG mole ratio in the mix-
ture. Increasing the DAG concentration caused the system to transform from a lamellar
phase at low DAG concentrations, to a coexisting lamellar, HII and Pn3m phase at ap-
proximately 15 mol% DAG, to a pure HII phase at 30mol% DAG. At 50 mol% DAG a
pure Fd3m phase was observed. The lipids used in the study were obtained from natural
extracts and the nature of their hydrocarbon chains was not known, making it dicult
to systematically attribute the resulting phase behaviour of the system to particular lipid
structural features.
Seven DOPC:DOG:CHOL mixtures with varying DOPC: DOG ratios have been ex-
amined in order to determine how the amount of DOG in the mixture aects the phase
behaviour of the system.
DOPC:DOG:CHOL mixtures with high DOG content exhibit the same phase be-
haviour as seen in Section 5.2. DOPC:DOG:CHOL 1:4:2 (80 mol% DOG of total lipid)
adopts two coexisting lamellar phases at 10
o
C. At 31
o
C and 1 bar the mixture adopts
a P63/mmc phase (a = 72.09 Å and c = 117.38 Å) which coexists with excess CHOL
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Figure 5.10: Phase transitions induced in DOPC:DOG:CHOL 1:4:2 (60 wt% H2O) at 41
o
C by varying the hydrostatic pressure between 1 bar and 2.5 kbar (upwards, pressurisa-
tion).
crystals up until 55
o
C. Fig. 5.10 shows the eect of increasing pressure on phase be-
haviour of the system at 41
o
C. The system is seen to transform from a P63/mmc at 1
bar to a coexisting P63/mmc Lα and Lc phase at approximately 1700 bar and at 1750 bar
the system adopts an Lα and Lc phase (with lattice parameters of 66.38 Å and 38.62 Å
respectively).
DOPC:DOG:CHOL 3:7:3 (70 mol% DOG of total lipid) shows exactly the same phase
sequence with temperature and pressure as DOPC:DOG:CHOL 1:4:2. Fig. 5.11 A shows
the eect of increasing pressure on phase behaviour of the system at 35
o
C. The system
is seen to transform from a P63/mmc phase (a = 71.38 Å, c = 116.18 Å)at 1 bar to a
coexisting P63/mmc Lα and Lc phase at approximately 1100 bar and at 1150 bar the
system adopts an Lα and Lc phase (with lattice parameters of 64.49 Å and 38.53 Å
respectively). At 65
o
C the system is found to adopt a coexisting L2 and P63/mmc phase
Fig. 5.11. The "spotty" P63/mmc diraction pattern in Fig. 5.11 b is due to sample
alignment,[105] where the domains of the P63/mmc phase begin to orientate in the same
direction.
Systems with 55 and 45 mol% DOG of total lipid in DOPC:DOG:CHOL mixtures
form an HII phase at lower temperatures and at higher temperatures the systems adopt a
coexisting HII and P63/mmc phase. DOPC:DOG:CHOL 9:11:4 (55 mol% DOG of total
lipid) adopts an HII phase (a = 56.66 Å) at 30
o
C and 1 bar which transforms to two
coexisting lamellar phases (a = 62.71 Å and 38.52 Å respectively) at 900 bar (Fig. 5.12a).
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(a) (b)
Figure 5.11: a) Phase transitions induced in DOPC:DOG:CHOL 3:7:3 (60 wt% H2O)
at 35
o
C by varying the hydrostatic pressure between 1 bar and 1.5 kbar (upwards,
pressurisation). b) Low-angle synchrotron x-ray diraction pattern from the coexisting
P63/mmc and L2 phases of DOPC:DOG:CHOL 3:7:3 (60 wt% water).
Between 40-62
o
C and 1 bar the system is found to adopt a coexisting HII and P63/mmc
phase. At 40
o
C and 1 bar the HII and P63/mmc (a = 75.15 Å and c = 122.69 Å) phases
transform to a pure HII phase at 1400 bar. The pure HII phase is then seen to transform
to two coexisting lamellar phases at 1500 bar (Fig. 5.12 b).
It should be noted that for DOPC:DOG:CHOL 11:9:4 (45 mol% DOG of total lipid),
the coexisting HII and P63/mmc phases are seen up to 86
o
C. Unfortunately higher tem-
peratures couldn't be accessed to see if the system transforms to a pure P63/mmc phase
at higher temperatures.
Lowering the DOG content further results in the system adopting a pure HII phase
(Fig. 5.13) between 16-86
o
C and 1-3000 bar in DOPC: DOG: CHOL 13:7:5 (35 mol%
DOG of total lipid) and 3:1:1 (25 mol% DOG of total lipid) mixtures in 60 wt% water.
Even though only three reections were observed for the HII phase, the intensity for each
reection was normalised, Lorentz corrected and divided by the appropriate multiplicity
factor for each reection and converted to the structure factor moduli (|Fhkl|) (Table 5.1).
It was found that the phasing that yielded the best reconstructed map (Fig. 5.14) was
+ - -, in agreement with Harper et al., for the electron density reconstruction of an HII
phase for an unsaturated phosphatidylethanolamine (18:1t∆9-PE) at 85 oC.[60] It should
be noted that due to the paucity of reections the electron density map is not detailed,
however the hexagonal packing is evident.
Lowering the DOG content even further resulted in the system adopting a co-
existing Im3m and Pn3m phase (Fig. 5.15) between 30-68.5
o
C and 1-3000 bar in
DOPC:DOG:CHOL 17:3:4 (15 mol% DOG of total lipid).
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(a) (b)
Figure 5.12: a) Stacked diraction patterns showing the phase transitions induced in
DOPC:DOG:CHOL 9:11:4 (60 wt% H2O) at 30
o
C by varying the hydrostatic pressure
between 1 bar and 2.5 kbar (upwards, pressurisation) b) .Stacked diraction patterns
showing the phase transitions induced in DOPC:DOG CHOL 9:11:4 (60 wt% H2O) at 41
o
C by varying the hydrostatic pressure between 1 bar and 2.5 kbar (upwards, pressurisa-
tion).
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Figure 5.13: Integrated 1-D diraction pattern of the HII phase for DOPC:DOG:CHOL
13:7:5 (60 wt% water) at 36
o
C and 1 bar, along with the indexing of the Bragg peaks.
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Experimental
d-spacings/Å
Miller
Indices
Intensity
I(q)q2
Multiplicity |Fhkl| Phase
61.9 10 110 6 0.714 +
35.8 11 22.2 6 0.581 -
30.8 20 7.5 6 0.391 -
Table 5.1: The experimental x-ray spacings, intensities and moduli of the structure factors
for the HII phase, along with the phasing used for the electron density maps.
(a) (b)
Figure 5.14: a) A 3-D view of the electron density reconstruction of the HII phase of
DOPC:DOG:CHOL 13:7:5 (60 wt% water) at 36
o
C and 1 bar. b) 2-D contour plot
showing the hexagonal symmetry.
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Figure 5.15: Integrated 1-D diraction pattern of the coexisting Im3m (Q
P
II) and Pn3m
(Q
D
II)phase for DOPC DOG:CHOL 17:3:4 (60 wt% water) at 68
o
C and 2250 bar, along
with the indexing of the Bragg peaks.
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(a) (b)
Figure 5.16: The observed reciprocal spacings versus
√
(h2 + k2 + l2) for DOPC: DOG:
CHOL 17:3:4 (60 wt% water) at 68
o
C and 1 bar t perfectly to a linear plot through the
origin, conrming the indexing as cubic spacegroup a) Im3m and b) Pn3m.
The indexing of the diraction data are shown in Fig. 5.16, as a plot of the reciprocal
d-spacings (
1
dhkl
) versus m =
√
h2 + k2 + l2. For a correctly-indexed cubic phase, such a
plot should be linear, with a gradient equal to the reciprocal of the lattice parameter of
the phase, and should pass through the origin. The t is excellent, and the gradient of
the line yields the lattice parameters determined for the Pn3m and Im3m phases.
The relative intensity for each of the Im3m and Pn3m Bragg peaks along with their
Miller indices are listed in Table 5.2 and Table 5.3 respectively. The observed intensi-
ties were corrected by a factor of q2 (Lorentz correction),[79] divided by the appropriate
multiplicity factor for each reection, and converted to structure factor moduli (|Fhkl|)
(Table 5.2 and Table 5.3) which were then used to reconstruct electron density maps (Fig.
5.17). It was found that the phasing that yielded the best reconstructed maps for the
Im3m and Pn3m phases was - - + and + + - + + + - respectively, in agreement with
the phasing used by Harper and Gruner.[59]It should be noted that although indexing of
the diraction data conrms the symmetry of the Im3m spacegroup, it is not possible to
distinguish whether the Im3m phase is bicontinuous or micellar. Due to the paucity of
reections for the Im3m phase, the resulting electron density map is not detailed however
it does appear that the phase is bicontinuous in nature. Moreover, since the trend of
lowering the DOG content suggests that less curved phases are formed by decreasing the
amount of DOG in the mixture, it is likely that the phase is a bicontinuous Im3m phase.
As mentioned in Chapter 1, inverse bicontinuous cubic phases are based on the Triply
Periodic Minimal surfaces (TPMS) whose mean curvature is zero over the surface but
varying Gaussian curvature (with the Gaussian curvature varying between zero at at
points and becoming most negative at saddle points). Two geometric models have been
established to describe the bicontinuous cubic phases, the parallel interface model (PIM)
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Experimental
d-spacings/Å
Miller
Indices
Intensity
I(q)q2
Multiplicity |Fhkl| Phase
147.6 110 48.7 12 0.406 -
104.1 200 79.3 6 0.734 -
84.9 211 100 24 0.545 +
Table 5.2: The experimental x-ray spacings, intensities and moduli of the structure factors
for the Im3m phase of DOPC:DOG:CHOL 17:3:4 (60 wt% water) at 68
o
C and 1 bar,
along with the phasing used for the electron density map.
Experimental
d-spacings/Å
Miller
Indices
Intensity
I(q)q2
Multiplicity |Fhkl| Phase
116.0 110 100 12 0.489 +
94.6 111 71.5 8 0.612 +
81.2 200 3.2 6 0.176 -
66.7 211 19.5 24 0.266 +
57.2 220 8.0 12 0.281 +
54.8 221 33.1 24 0.421 +
51.9 310 2.9 24 0.131 -
Table 5.3: The experimental x-ray spacings, intensities and moduli of the structure factors
for the Pn3m phase of DOPC:DOG:CHOL 17:3:4 (60 wt% water) at 68
o
C and 1 bar,
along with the phasing used for the electron density map
(a) (b)
Figure 5.17: A 3-D view of the electron density reconstruction of the a) Im3m phase and
b) Pn3m phase of DOPC:DOG:CHOL 17:3:5 (60 wt% water) at 68
o
C and 1 bar.
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and the constant mean curvature model (CMCM).[167] Although this is beyond the scope
of the thesis a very brief description of the models is discussed. The PIM model predicts
that the TPMS can be interconverted through the Bonnet transformation,[75] which is
a mathematical procedure involving surface patches being continuously bent into each
other whilst preserving the curvatures, angles, distances and areas on the surface. The
lattice parameters for the Bonnet related cubic phases should have the ratio aP : aD :
aG = 1.279 : 1.000 : 1.576. The PIM model suggests that the three bicontinuous cubic
phases are energetically degenerate; however these phases have been stably isolated in
numerous experimental studies. The PIM model breaks down at high curvatures. In the
CMCM model the inverse bicontinuous cubic phases are thought to not be energetically
degenate and predicts that these phases will appear in the order of Ia3d - Pn3m - Im3m
upon increasing hydration.[130]
The lattice parameters of the coexisting Im3m and Pn3m phases are 233.1 Å and 183.1
Å at 68
o
C and 1 bar. The ratio between the two lattice parameters at all temperatures
and pressures was found to be aP : aD = 1.273±0.2, which is very close to the theoretical
Bonnet ratio of 1.279. It should be noted that the existence of the Im3m phase has
been questioned in favour of a cubic phase based on the I-WP surface [98] however the
theoretical aI−WP : aD ratio is 1.82 which does not match the experimentally determined
ratio here.
The data presented above suggest that by progressively reducing the DOG content in
DOPC:DOG:CHOL mixtures, the system adopts phases with lower curvature, from the
highly curved P63/mmc phase, to an HII phase, to two inverse bicontinuous cubic phases
(of crystallographic space groups Im3m and Pn3m).
5.4 Chapter summary
The phase behaviour of fully hydrated DOPC: DOG: CHOL mixtures 1:2:x (5 ≤ x ≥
40 mol%) were examined as a function of hydrostatic pressure and temperature using
synchrotron x-ray diraction and ve pressure - temperature composition diagrams have
been constructed. Below approximately 50
o
C, the phase behaviour of all the DOPC:
DOG: CHOL 1:2:x (5 ≤ x ≥ mol%) mixtures showed remarkably similarities. At low
temperatures and high pressures two lamellar phases were found to coexist in all sam-
ples which transformed to a pure P63/mmc phase at higher temperatures. Above 50
o
C,
systems with high CHOL content showed unusual behaviour due to excess CHOL solubi-
lizing in the lipid phase at high temperatures however it was found that when no excess
CHOL was present in the system at all temperatures and pressures, the P63/mmc phase
transformed to an inverse micellar solution at higher temperatures (≈ 60 oC).
Keeping the CHOL concentration relatively constant and varying the DOG content,
it was found that the phases with decreasing curvature were formed as the amount of
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DOG in the mixture was lowered. Mixtures having a DOG mole ratio between 80 and
66.6 mol% of total lipid adopt a P63/mmc phase. Lowering the amount of DOG between
55 and 45 mol% results in the system adopting a coexisting P63/mmc and HII phase and
lowering the DOG content between 35 to 25 mol% resulted in the system adopting a
pure HII phase. Finally, lowering the DOG content to 15 mol% resulted in the system
adopting a coexisting Im3m and Pn3m phase, which were related by their Bonnet ratio.
Electron density maps of the experimentally observed HII Im3m and Pn3m phases have
been constructed.
Chapter 6
Pressure dependent kinetic studies
for DOPC:DOG:CHOL systems
TRSAXS pressure jump studies were carried out on DOPC:DOG:CHOL systems to elu-
cidate the kinetics and mechanism of phase transitions into and out of the P63/mmc
phase. During the pressure jumps, all the peaks of the P63/mmc phase appeared at the
same time and grew at the same rate, conrming it is a single coherent phase rather than
multiple coexisting domains of other phases. This is ongoing work so the conclusions are
not yet clear; some preliminary results are presented.
6.1 Background
Although a plethora of equilibrium phase diagrams have been published, there is scarce
knowledge regarding the kinetics and mechanisms of lyotropic phase transitions and
consequently rather tentative roles are attributed to polymorphism in membranes in
vivo.[39, 149] Nevertheless, non-bilayer phases are thought to be of considerable bio-
logical relevance and are thought to be adopted locally whenever there is a topological
change in the membrane, corresponding to events such as membrane fusion, ssion, exo-
and endocytosis, membrane budding, viral fusion and cell division amongst many other
processes. If we are to further our knowledge of events such as membrane fusion then
a comprehensive understanding of the processes governing phase transitions, the type of
intermediates formed and the mechanism by which a transitions occurs are vital [94].
Although in the last two decades models have been developed to model such processes
in model membranes,[85, 86, 19, 163] it is only recently that there has been a boom in
experimental results that are needed to test these models (due to the advent of intense
synchrotron sources).
A superb technique for monitoring and initiating the structural evolution of model
membranes, in the millisecond regime, is time resolved x-ray diraction, using pressure as
the trigger mechanism.[157] This technique was employed to investigate lamellar - non-
lamellar (P63/mmc phase) transition kinetics in DOPC: DOG: CHOL model membrane
systems. The pressure jump technique has many advantages over other techniques such
as temperature jumps: (a) pressure changes propagate rapidly (typically at the speed of
sound) so that equilibrium is achieved fast, (b) bidirectional pressure jumps can be per-
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formed, (c) pressure jumps are reproducible, (d) solvent properties are not considerably
altered and (e) intra-molecular covalent bond distances and bond angles are not aected
by pressures up to 20 kbar.[137, 180, 176] As seen in Chapter 5, equilibrium pressure -
temperature composition diagrams have been constructed which help in choosing appro-
priate pressure-jump parameters (temperature, initial and nal pressures) for the kinetic
studies.
6.2 Preliminary results
Thus far, 31 bidirectional pressure jumps have been analysed for DOPC:DOG:CHOL
1:2:1, 2:4:1.05 and 6:12:1 molar mixtures (60 wt% water) at 36 and 46
o
C. Approximately
60 - 100 (depending on the pressure jump) diraction images were recorded for each
pressure jump, these were sequentially integrated and stacked upon each other in order to
produce a `stacked' plot of linear intensity plots in order to help visualize phase changes
(Fig. 6.1).
The AXcess software package (see Chapter 2) was used for integration of the SAXS
patterns, calibration and generation of stack plots, but unfortunately batch analysis of
the data could not be undertaken using AXcess. This was due to problems tracking the
peaks of the P63/mmc phase as they are found very close to one another. Consequently,
each integrated diraction plot was exported into Origin (OriginLab, Northampton, MA)
and each peak in the linear intensity plot was tted to a Gaussian function. From this,
the area under each Gaussian peak was recorded as the peak intensity and the centre was
used to calculate the d-spacing. It should be noted that the intensity (arbitrary units)
of the peak was taken as a qualitative measure of the amount of material adopting a
particular phase. Unfortunately a lot of the peaks could not be deconvoluted by using a
multi-Gaussian t function, nor did they t to a Gaussian with a sloping baseline, so the
peak positions were estimated and the area under the curve was integrated in order to get
a value for the intensity. Although this is quite an approximate method, since the area
under the curve will very much depend on the limits of the integration, it was ensured
that the integration of all images was done using the exact same q range in every image
and hence should give comparable data between dierent images.
So far a total of 2384 images, corresponding to 31 bidirectional pressure jumps, have
been analysed individually and all observed peaks have been integrated and/or tted to
a Gaussian in order to measure lattice parameter and intensity values.
The sequence of phases formed following a pressure jump is essentially simply reversed
between the pressurization and depressurization regimes and the pressure jumps were
found to be highly reproducible. The system at high pressures adopts two coexisting
lamellar phases, a DOG rich Lc phase and a DOPC rich Lα phase. As the pressure jump
is triggered and pressure propagates through the system to reach a nal lower pressure,
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(a) (b)
Figure 6.1: Stacked plots showing phase changes during pressure jumps performed on the
DOPC:DOG:CHOL 1:2:1 system at 36
o
C. a.) The starting pressure was 1618 bar and
the end pressure was 576 bar. b.) The starting pressure was 822 bar and the end pressure
was 1980 bar.
the Lα phase transforms into an HII phase which coexists with the Lc phase (it should be
noted however that in some pressure jumps the HII phase is found to coexist with both
the lamellar phases for a short time), the HII phase then transforms into the P63/mmc
phase which is seen to coexist with the Lc phase phase for a short period until nally a
pure P63/mmc phase is seen (Fig. 6.1 a). For pressure jumps going from low to high
pressures the same phase sequence is observed but in reverse, it should be noted however
that the HII phase is only observed for a very short period of time and is sometimes not
observed at all (Fig. 6.1 b).
Obtaining quantitative kinetic information from the pressure jumps has been prob-
lematic. By plotting the average intensity or lattice parameter of a phase growing or
decaying with time, the rate of transformation can be determined by tting the resultant
curve to an appropriate model, such as an exponential decay, from which a representative
time constant can be determined. For a rst order exponential decay this time constant
is taken as the half-life and the reciprocal of the half-life is taken as the rate of growth or
decay of a phase.
The lattice parameters and intensities of the Lc and P63/mmc phases were plotted
against time. For pressure jumps going from high to low pressure (i.e. from two lamellar
phases → P63/mmc) typical curves are shown in Fig. 6.2. The growth and change in the
c lattice parameter of the P63/mmc, as well as the initial change in the lattice parameter
of the Lc phase were al all found to t reasonably well to a single exponential decay
function. In all pressure jumps studied so far, the lattice parameter of the P63/mmc
phase is relatively high as soon as the phase is formed, and progressively decreases as
with time. This can be explained as follows: as the 3-D hexagonal phase is being formed
there may be relatively few but large unit cells which are surrounded by water resulting
in a high d-spacing. As more of the phase is formed there will be many smaller unit
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Figure 6.2: Typical curves observed for pressure jumps going from high to low pressures.
a) Intensity growth of the P63/mmc phase against time. b) Change in the c lattice pa-
rameter of the P63/mmc phase against time. c) Lc phase decay. d) Change in the lattice
parameter of the Lc phase against time. All curves were tted to a single exponential
decay, apart from the DOG rich lamellar decay curve which was tted to a double expo-
nential decay.
cells formed resulting in water redistribution and hence the lattice parameter decreases.
For the lamellar decay a similar argument applies; the small gradual increase in d-spacing
could be due to water diusional processes between dierent phases within a multilamellar
vesicle, or possibly due to the water layer thickness decreasing upon pressurization leading
to a smaller lattice parameter of the lamellar phase at high pressures.
The typical curves observed for the pressure jumps in the upward direction (low to high
pressure) are dierent to the ones for pressure jumps in the downward direction (Fig. 6.3).
The change in the lattice parameter of both the Lc and P63/mmc phases with time tted
reasonable well to a single exponential decay, however the growth of the Lc and decay of
the P63/mmc phases look like stretched exponential or sigmoidal curves. The growth and
accompanying decay of the two phases were normalised in order to establish if this was
a one-to-one transition, however this did not seem to be the case. The only reasonable
model to t such curves is the Avrami model.[6, 7, 8] Although the Avrami model (Eqn.
6.1) was originally used to describe the crystallisation of polymers, it is now widely used
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to describe any phase change that follows a nucleation and growth mechanism. Moreover,
it should be noted that although the Avrami model describes a growth process, the model
can be extended to describe a decay process where the dimensionality, n, is negative and
relates to a decrease in surface area of the domain as the phase disappears.
y = y0 + A exp (−k(x)n) (6.1)
where k is the rate constant and n is the Avrami exponent which represents the index of
crystallisation. The Avrami exponent has two parts; one reecting the time dependence of
the nucleation step and the other indicates the number of dimensions in which the growth
of the phase takes place. Nucleation can be spontaneous with all the nuclei appearing at
the beginning of the phase change at the same time, or sporadic, where the appearance of
nuclei is time dependent. The Avrami exponent is dependent on the type of growth and
can take values from 1 to 3, with 1 signifying rod-like, 2 disk-like and 3-spherical growth.
If instantaneous nuclei are formed then a value of 0 is added to growth factor, however if
sporadic nuclei are formed a value of 1 is added to the growth type value. Consequently,
the highest value the Avrami exponent can take is 4. [101] The Avrami exponents are
approximately 2 and 5 for the growth of the lamellar and decay of the P63/mmc phase
respectively, indicating that more than one process is taking place in the decay stage.
This is not surprising as you would expect the lipids in the micelle to phase separate into
separate DOG and DOPC rich regions before transforming into the two lamellar phases
with markedly dierent lipid compositions.
The nucleation and growth mechanism involves the formation of nuclei of the new
phase at random sites followed by growth of the new phase at a faster rate. This process
is diusion controlled, however for the nucleation step to take place the system needs to
overcome a signicant energy barrier. Nucleation and growth occurs if the molar free
energy of mixing prole for the initial and resultant phase has areas of positive curvature
however, several other types of phase transition mechanisms have been proposed for dif-
ferent systems including spinoidal decomposition and Martensitic transformations.[89] It
should be noted however that these mechanisms are derived from theory and it is though
that for real soft condensed matter systems, phase transition mechanisms are somewhat
intermediate between the ideal mechanisms mentioned above.
From Fig. 6.1 it can be seen that the P63/mmc peaks are very close to one an-
other, making it dicult to t individual peaks, especially during the early stages of the
P63/mmc growth and late stages of the P63/mmc decay. As the rst three peaks of the
P63/mmc phase are the most intense, these are the rst peaks observed during phase
growth and last peaks seen during phase decay and are always overlapping. Increasing
complexity, the rst order peak of the Lα phase begins to grow underneath the `envelope'
of the rst three P63/mmc phase peaks, making it very dicult to establish the exact be-
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Figure 6.3: Typical curves observed for pressure jumps going from high to low pressures.
a) Change in the c lattice parameter of the P63/mmc phase against time. b) decay of
the P63/mmc phase against time. c) Change in the lattice parameter of the Lc phase
against time. d) Lc growth. The growth and decay of the two phases were tted to the
Avrami equation and the change in lattice parameter of the two phases was tted to a
single exponential decay.
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ginning of growth of the Lα phase. In the reverse transition, going from the two lamellar
phases to the P63/mmc phase, the Lα phase transforms to an HII phase which subse-
quently transforms to the P63/mmc phase. During the HII to P63/mmc transition, the
HII phase is found to get progressively more disordered (as suggested by the diuse scatter
around the HII phase peaks), making it dicult to assign peaks for each phase as they
are masked by the broad scatter. Future work involves using a more thorough method to
deconvolute overlapping peaks, either by taking the rst and second order derivatives of
the integrated diraction pattern in order to improve resolution and allow peak allocation,
or by Fourier deconvolution which should be even more powerful in distinguishing closely
spaced features. All pressure jumps previously analysed were undertaken at the ESRF,
where the sample to detector distance was set to 1.5 m and where monitored at up to
10 Hz. Recent experiments at Diamond improved resolution in the pressure jumps by
setting the sample to detector distance to 3.2 m resulting in a greater separation between
overlapping peaks, and using a detector that can monitor the phase transition at up to
100 Hz many more images were acquired during the phase change and these are currently
being analysed.
The pressure jump analysis is work in progress and it is hoped that in the end the kinet-
ics and mechanism of the complicated phase transitions will be elucidated and appropriate
trends (for example with pressure jump amplitude) will be evident. Moreover, the rst
quantitative model to describe lyotropic phase transitions has recently been developed by
Squires [157] and once appropriate kinetic and mechanistic information are determined
they can be used to test the model and quantify the transitions. Unlike classical chemical
kinetics, lyotropic phase transitions kinetics should be considered as a number or lipid
molecules transforming together by forming a unit, known as the cooperative unit Ncoop,
rather than individual lipid species. Squires has recently developed a new method to
quantify the number of lipids in Ncoop, by analysing the rates of the bi-directional phase
transitions. The model states that for a phase transition to occur an energy barrier has
to be overcome, with the free energy of the initial and nal phases being aected by ex-
ternal thermodynamic parameters. For example, if pressure is the external trigger for the
phase change, increasing the pressure jump amplitude will force the system further into
the nal product phase and lower the activation energy of the transformation and tran-
sition state energy and the rate of the phase transition will increase. The model assumes
that the main driving force for the phase transition is dierences in curvature between
the transforming phases, hence changes in the curvature elastic energy is the only factor
aecting free energy changes between the two phases and the transition state. It should
be noted however that in actuality there should also be energy contributions arising from
the packing frustration. The model can be used to acquire information such as the mean
curvature of the transition state and the number of unit cells involved in the cooperative
unit, as well as the activation energy of the transition.
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6.3 Chapter summary
TRSAXS pressure jump studies were carried out on DOPC:DOG:CHOL systems to eluci-
date the kinetics and mechanism of phase transitions into and out of the P63/mmc phase.
During the pressure jumps, all the peaks of the P63/mmc phase appeared at the same
time and grew at the same rate, conrming it is a single coherent phase rather than mul-
tiple coexisting domains of other phases. Unfortunately deconvoluting individual peaks
proved to be problematic, hindering elucidation of the true kinetics of the system. Much
more theoretical and experimental work is required in order to model the kinetics and
mechanism of the phase transition in DOPC:DOG:CHOL systems.
Preliminary data suggest that the coexisting Lα and Lc to the P63/mmc and vice
versa transform via a dierent mechanism. The P63/mmc decay and resultant Lc growth
was found to t well to the Avrami equation which describes a nucleation and growth
mechanism. Although liquid crystalline phase transitions in the past have been described
using either an exponential decay or sigmoidal function, little physical interpretation to
the models have been given. Although previous work has formed an excellent base to
the eld of liquid crystalline transition kinetics, [158, 159, 24, 166, 184] it is important to
develop models for lyotropic phase transition kinetics that are physically relevant.
The pressure jump analysis is work in progress and it is hoped that with proper
spectral deconvolution and recently improved experimental parameters (such as increased
sample to detector distance and detector resolution) the kinetics and mechanism of the
complicated phase transitions will be elucidated and appropriate trends (for example with
pressure jump amplitude) will be evident.
Chapter 7
Conclusions and future directions
A new inverse micellar phase for lipids has been discovered in excess water. This phase,
adopted by DOPC:DOG:CHOL 1:2:x (5 ≤ x ≥ 40 mol%) and SOPC:SOG 1:2 mixtures
in excess water, is a highly curved, 3-D hexagonal space belonging to the space group
P63/mmc. The discovery of this novel phase in lipid systems is of great importance, as
it has taken more than two decades for a new phase adopted by lipids to be discovered.
Moreover, this is the rst well established example of a lyotropic phase based upon ordered
packing of identical inverse micelles, which can be very useful for potential biological
applications.
The P63/mmc phase oers potential advantages over current drug nanoformulations,
including favourable drug payloads due to high internal surface area, simple preparation
protocols, biodegradability of the host building blocks and the ability to encapsulate
hydrophobic, hydrophilic and amphiphilic substances thereby leading to targeted and
controlled release of bioactive agents. However, in order to understand the parameters
that control drug hosting and controlled delivery within the P63/mmc phase it is crucial
that the phase behaviour of the bulk material as well as the dispersed phases in the
presence of the guest molecules are understood and this is something we wish to explore
further in the future.
The equilibrium behaviour of binary DOPC:DOG mixtures with a molar ratio close to
1:2 in excess water were examined as a function of hydrostatic pressure and temperature.
Over a large temperature and pressure range the system adopted an inverse micellar cubic
phase, of crystallographic space group Fd3m. 2-D sections through the electron density
map were calculated and it was shown that the Fd3mmicelles were faceted, with the polar/
non-polar interface of the micelles changing their shape from spherical to faceted, in order
to relieve the high packing frustration in the phase. Unfortunately the electron density
reconstruction of the P63/mmc phase was not successful and future work involves rening
the code in order to obtain maps which will help to prove the structure of the phase.
Future work also involves performing contrast variation neutron diraction experiments
to determine the average composition of the micelles in the Fd3m and P63/mmc phase,
conrm the partitioning of the two lipid species into the dierent size micelles for the
Fd3m phase, as well as the expected homogenous distribution of the lipid species and
cholesterol in the P63/mmc phase. Moreover, preliminary self-diusion NMR studies
have been performed in order to prove the micellar nature of the phases, however these
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are still being analysed and the results so far have been inconclusive.
Binary mixtures of PC and DAG with varying unsaturation in the 18 carbon-long
chains were also investigated. The data suggest that asymmetric PCs and DAGs are
equally as capable of forming highly curved structures but di-saturated PCs and DAGs
are incapable of forming curved structures at the temperatures investigated. However, it
was found that by reducing the chain length of the di-saturated system curved phases can
be promoted, albeit at high temperatures.
The equilibrium phase behaviour of ternary DOPC:DOG:CHOL 1:2:x (5 ≤ x ≥ 40
mol%) mixtures in excess water were also investigated as a function of hydrostatic pressure
and temperature. Over a large temperature and pressure range the system adopted an
inverse micellar hcp phase, of crystallographic space group P63/mmc. Fixing the CHOL
content in the mixture and progressively lowering the DOG content resulted in phases
of decreasing curvature being formed as the DOG concentration was lowered, with the
system adopting a P63/mmc phase at high DOG content, to an HII phase and nally to
a coexisting Pn3m and Im3m phase at low DOG content.
The requirement for DAG in the system, which has an inherent propensity to drive
the formation of curved mesophases was not surprising, however the role of CHOL in
controlling the curvature of this phase was a remarkable observation. To date CHOL
has been usually thought of as an ordering molecule, stabilising at lamellar phases but
it is shown that CHOL can in fact stabilize highly curved phases over a wide range of
physiological temperatures and hydrostatic pressures. These results shed light on the
ambivalent nature of cholesterol, in particular how cell membranes can form relatively
rigid lipid raft domains, while still being able to simultaneously undergo fusion events
by forming highly curved phases in the presence of cholesterol. Investigating the role of
CHOL in regulating the architecture and dimensions of the P63/mmc phase as well as its
ability to be incorporated into other curved phases could prove to be interesting future
work.
The eect of hydrocarbon chain unsaturation on the phase behaviour of ternary mix-
tures could also be interesting future work. Preliminary data from SOPC:SOG:CHOL
1:2:1 (60 wt% H2O) show that at low temperatures three lamellar phases are adopted
with lattice parameters of 68.1 Å, 47.8 Å and 38.9 Å at 20
o
C and 1 bar, as seen in the
low temperature region of the binary SOPC:SOG mixture (see Chapter 4). At approxi-
mately 40
o
C, the coexisting lamellar phases transform to pure HII phase (a = 69.2 Å at
40
o
C) and the system remains hexagonal up until the highest temperature studied which
was 62
o
C (a = 68.3 Å at 62
o
C and 1 bar).
SOPC: DOG: CHOL 1:2:1 mixtures (60 wt% H2O) adopt a pure lamellar phase be-
tween 25-47
o
C and 1 bar (a = 66.6 Å at 25
o
C and 1 bar), which transforms to two
coexisting lamellar phases at high pressure with a DOG rich Lc lamellar phase appearing
between 1200-2000 bar and 25-47
o
C. At 53.5
o
C the lamellar phase (a = 67.6 Å at 53.5
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Figure 7.1: Stacked diraction patterns showing the phase transitions induced in
SOPC:DOG:CHOL 1:2:1 (60 wt% H2O) at 68
o
C by varying the hydrostatic pressure
between 1 bar and 2.5 kbar (upwards, pressurisation).
o
C and 1 bar) coexists with a swollen Im3m phase. At 56.9
o
C and 1 bar, the lamellar
phase (a = 66.6 Å at 56.9
o
C and 1 bar) is found to coexist with an HII phase (a = 68.8 Å
at 56.9
o
C and 1 bar) and a swollen Im3m (a = 312.7 Å at 56.9
o
C and 1 bar). At 68.1
o
C
and 1 bar, an HII phase (69.8 Å at 53.5
o
C and 1 bar) is found to coexist with an Im3m
phase (255.9 Å at 68.1
o
C and 1 bar). Increasing pressure causes the system to transform
to a HII, lamellar and Im3m coexistence at 100 bar, then to a lamellar and Im3m phase
at 400 bar, and nally to a pure lamellar at 790 bar (Fig. 7.1). At 77.7
o
C and 1 bar a
pure HII phase is observed.
A DOPC:DSG:CHOL 1:2:1 mixture in excess water was found to adopt an Fd3m phase
at 82
o
C and 1 bar. These are very preliminary results however and a much more thorough
investigation is required, however it does appear that unsaturation of both the PC and
DAG are important in dening the phase behaviour of the system.
The nal chapter of the thesis shows preliminary results from time resolved pressure
jump studies of DOPC:DOG:CHOL mixtures in excess water. Unfortunately deconvolut-
ing individual peaks proved to be problematic, hindering elucidation of the true kinetics
of the system. Much more theoretical and experimental work is required in order to model
the kinetics and mechanism of the phase transition between the P63/mmc phase and the
two coexisting lamellar phases in DOPC:DOG:CHOL systems. The pressure jump analy-
sis is work in progress and it is hoped that with proper spectral deconvolution and recently
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improved experimental parameters (such as increased sample to detector distance and de-
tector resolution) the kinetics and mechanism of the complicated phase transitions will
be elucidated and appropriate trends (for example with pressure jump amplitude) will be
evident. The C12EO8 non-ionic surfactant, shown by [100] to adopt the Type I P63/mmc
phase has also been investigated. It was hoped that the kinetics in and out of the Type
I P63/mmc phase would be clearer as the phase is adopted by only one component in
water, however by pressurising the sample, some water was absorbed by the sample (due
to imperfections in the sealing of the sample holder), changing the packing from the hcp
phase to a A15 lattice (space group Pm3n). It should be noted that the kinetics between
the Type I and Type II systems are likely to be dierent, however it would be interesting
to investigate regardless. Improved detector resolution, sample holder containment and
pressure cell capabilities should make this task entire possible.
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